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Half-esters are among the most important building blocks for organic synthesis of a 
variety of compounds including pharmaceuticals and polymers. Most typically, they 
are prepared by monohydrolysis of symmetric diesters. Our group has been 
developing highly efficient selective monohydrolysis reactions of symmetric diesters 
in the aqueous media.  
Ring-opening metathesis polymerization (ROMP) has been attracted great attention 
of homogeneous catalysis emerging, owing to important implications in polymer 
chemistry as well as material chemistry. The interesting features of ROMP are that the 
appropriate selection of the catalyst system enables to polymerize various types of 
cyclic olefins bearing even polar substituents. Polycycloolefins synthesized by ROMP 
are applicable for organic synthesis, recognition arrays relevant to cell signaling, 
DNA diagnostics, drug delivery, antibacterial materials, and photo and electrochromic 
devices and transistors.  
In many of applications, the instability of the unsaturated polymers to chemical and 
thermal degradation is a concern. Hence, ROMP of cycloolefins, followed by 
hydrogenation, enables synthesis of high molecular weight, narrow polydispersity 
polyolefins with desirable optical characteristics, because these ROMP polymers have 
poor thermal stability due to the unsaturation. 
Based on these backgrounds, the author first aimed at improving the highly 
efficient selective monohydrolsis reaction for several bulkyl symmetric diesters. The 
doubly functionalized norbornadiene derivatives with ester and carboxyl groups 
obtained from monohydrolsis reaction were polymerized by ROMP to synthesize 
various polymers with the norbornadiene skeleton. Then synthesized polymers were 
hydrogenated and epoxidized which are expected to exhibit higher thermal stability. 
More specifically, the following results were described: 
1. Through the highly efficient and practical monhydrolysis of symmetric diesters 
using the aqueous media, the corresponding half-esters having a norbornadiene 
skeleton are rapidly obtained in very high yields. A larger proportion of a 
water-miscible polar aprotic co-solvent, DMSO, and aqueous KOH help accelerate 
the selective monohydrolysis reaction of several bulky symmetric dietsers. Although 
certain bulkyl diesters had low reactivity, the co-solvent system can improve the 
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reaction efficiency greatly. 
2. A precise, controlled, and efficient methodology was described, using Grubbs’ 
2
nd
 generation catalyst based on living ROMP. Polynorbornadienes bearing various 
ester and carboxyl group were obtained in high yields.  
3. The synthesized polymers were successfully hydrogenated for synthesis of the 
doubly functionalized saturated polynorbornadienes containing various ester groups. 
The epoxidation reagent MPBA was an available reagent for converting the 




























1.1 Monhydrolysis reaction of symmetric diesters 
1.1.1 Ester hydrolysis based on co-solvents system 
 The conversion of functional groups is one of the major concerns of the organic 
chemists. Ester hydrolysis is one of the most fundamental researches in organic 
synthesis. The general methods of hydrolysis include alkaline hydrolysis or 
saponification based on using a base such as sodium hydroxide solution. About the 
transformation of function group, the hydrolysis of ester group conversed to 
carboxylic acids is an important methodology in many fields. The irreversible alkaline 
hydrolysis, which is also defined as saponification, leads to widespread application in 




Scheme 1.1 General Scheme of ester hydrolysis under basic condition 
Saponification can be classified as a nucleophilic substitution reaction. The 
commonly accepted mechanism can be illustrated as follows: 1) the carbonyl carbon 
of the ester undergoes nucleophilic attack with the hydroxide, breaking the π bond and 
producing the tetrahedral intermediate; 2) the reforming of the carbon-oxygen double 
bond results in the loss of the leaving group –RO and forms the carboxylic acid; 3) 
acid-base reaction, the alkoxide performs as a base and reacts with the carboxylic acid 
to produce the carboxylate. (Scheme 1.2) 
Scheme 1.2 Mechanism of ester hydrolysis under basic condition 
The rate of saponification reactions is affected by many factors such as temperature, 
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steric and electronic effects, and solvent effects. Many efforts have been made to 
accelerate the rate of saponification, for example changing the traditional aqueous 
condition to other co-solvent systems such as CH2Cl2/methanol 
[1]
, or nonaqueous 
system such as KOH-methanol 
[2]
 and ultrasound irradiation 
[3]










Scheme 1.3 Hydrolysis of esters in non-aqueous media 
Ester and carboxylic derivatives are widely present in many synthetic drugs and 
natural products. As an important desymmetrization reaction, monohydrolysis 
facilitates modern organic synthetic chemistry by significantly shortening synthetic 
routes. Half esters that are produced by monohydrolysis can serve as important 
precursors in total synthesis of many significant compounds. 
[4-6]
 Therefore, research 
on the methodology of monohydrolysis has special significance. 
However, for monohydrolysis of symmetric diesters, almost no efficient way has 
been reported to hydrolyze one of the ester groups selectively. Half-esters, which are 
produced by such selective monohydrolysis of diesters, are very versatile building 
blocks in organic synthesis. However, the only effective monohydrolysis hitherto 
reported utilizes enzymes, a process which provides no basis for predictions for the 
yield and enantioselectivity. For cases where racemic or achiral monoesters are 
desired, no systematic studies have been reported for monohydrolysis of symmetric 
diesters. Classical alkaline hydrolysis usually does not afford easily manageable 
results: Usually, it gives slurry complex mixtures of diand monocarboxylic acids and 
the starting diesters, and it also often requires many hours. Furthermore, the 
separation of the reaction mixture is very difficult. Only a limited number of examples 
of selective hydrolysis using malonic diesters have been reported, 
[7-10]
 and most of 
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them do not enable purification at the stage of monohydrolysis; therefore crude 
half-esters are used for further steps without purification. In contrast, ring-opening 
reactions of cyclic anhydrides with alkoxides are rather common for obtaining 
half-esters in both asymmetric
 [11-17]






Scheme 1.4 Selective monohydrolysis in a THF-water system 
A highly efficient and practical ester monohydrolysis by using THF-water media 
was first reported by Niwayama. 
[20]
 (Scheme 1.4) The pure half-esters from nine 
symmetric dimethyl and diethyl esters were prepared based on a highly efficient 
semi-two-phase reaction using THF-aqueous NaOH at 0°C. (Scheme 1.5) The method 
described a highly efficient and practical ester monohydrolysis using THF-water 
media. When symmetric diesters were submitted to ester hydrolysis reactions in a 
mixture of THF and 10 times the volume of diluted aqueous NaOH solution at 0°C, 
the corresponding monocarboxylic acids were obtained in very high yields, up to 
near-quantitative yields. In addition, the reactions appeared to be completed rapidly 
and were worked up within 30-60 min for all of the cases. Furthermore, the reaction 
mixtures were quite clean; after consumption of the starting diesters, only the spots of 
half-esters and small amounts of dicarboxylic acids, if they existed, were observed on 
thin-layer chromatography plates, and therefore, the isolation and purification of the 






Scheme 1.5 Half-esters from monohydrolysis of symmetric diesters in the 
two-phase reaction 
From Niwayama’s work, [20] it is found that the geometry of the diester is an 
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important factor. The diesters that afforded the corresponding half-esters in high 
yields all possess two carboalkoxy groups in “cis” or “geminal” orientation. The 
reason for the steric trend of the starting diesters remains to be resolved. However, 
there may be some conformational bias due to electrostatic interactions between two 
closely located carboalkoxy groups in these diesters, which might facilitate the 
hydrolysis of a carboalkoxy group from one particular direction. This conformational 
restriction would be more evident in the nonpolar aprotic organic phase (THF) 
especially at low temperatures (0 °C) as applied in these experiments. It would also be 
expected that the nucleophilic character of one of the carbonyl groups would be more 
enhanced in this conformation, which might explain the efficiency in applying the 
nonpolar organic solvent. The saturated linear symmetric diesters have the lack of the 
geometrical demand, however, the reaction products can be separated quite easily 
from the starting diesters. The cold reaction temperature (0 °C) is important in order 
to obtain high yields and a clean reaction mixture. When allowed to warm to room 
temperature, the reaction mixture thickened, and the thin-layer chromatography was 
smeared. In addition, a crude half-ester was obtained in a low yield after silica gel 
column chromatography. 
1.1.2 Influence of co-solvents in the highly efficient selective monohydrolysis of a 
symmetric diester 
Traditionally, half esters from symmetric diesters prepared by enzymes have been 
widely applied. Liang and co-workers reported a chemoenzymatic synthesis of 
optically pure isogalactofagomine. 
[21]
 Lipase M-catalyzed selective monohydrolysis 







Scheme 1.6 Enzyme catalyzed monohydrolysis reation 
 
Pig liver esterase as catalyst in monohydrolysis was other important method. Gais 
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and co-workers applied a series of pig liver esterase to catalyze enantioselective 
monohydrolysis reactions of functionalized cyclopentanoid diester. 
[22]
 (Scheme 1.7) 
 
 
Scheme 1.7 Enantioselective monohydrolysis with pig liver esterase 
Although half-esters prepared from chemoenzymatic monohydrolysis are an 
effective method, for the yield and enatioselectivity enzyme-catalyzed 
monohydrolysis provides an uncontrolled procedure. The most commonly used 
methods about saponification are based on the pellets such as NaOH or KOH, and an 
alcohol, which is a water-miscible solvent. This method has been generally useful for 
hydrolysis of a single ester into a carboxylic acid on a large scale at low cost.  
Considering the uncontrolled procedure and yield, monohydrolysis of symmetric 
diesters without enzyme catalyst has been a more challenging task. In most case, 
reported methods about selective saponofication, 
[7-10, 23, 24]
 the complex product 
mixtures contain the starting diesters, half-esters, and diacids, which are formed even 
with the use of one equivalent of the base, making separation and purification difficult. 
The research group of Niwayama has been explored and examined the influence of 
the co-solvents in the selective monohydrolysis in an aqueous NaOH medium at 0 °C. 
[25]
 The reactions were found to proceed through reaction media consisting of water 
with a small amount of a co-solvent and the starting symmetric diester. Slightly polar 
aprotic solvents that are slightly miscible with water, such as THF and acetonitrile, 
were found to be effective co-solvents. 
The first work from Niwayama group is change the protion of the THF, the ratio of 
THF volume is from 0-73%, the reaction condition and results are summarized in 
Scheme 1.8. In their work, decreasing the proportion of THF to below 7% does not 
influence the reaction rates significantly, but increasing the proportion of THF 
diminishes the rates tremendously. This tendency perhaps reflects the solubility of 
THF in water under these conditions. The increased proportion of THF is anticipated 
to decrease the exposure of the carbomethoxy group to the aqueous NaOH. The yields 
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also decrease to some extent as the proportion of THF increases. These reduced yields 
may be attributed to the small amount of the corresponding diacid formed due to the 
prolonged reaction time and remained in the aqueous layer, or may be attributed to the 







Scheme 1.8 Effect of volume of THF in the monohydrolysis
 [25]
 
The next work a variety of the co-solvent such as CH3CN, Methanol, Ethanol, 
2-Propanol and CH2Cl2 substituted for THF were used, the results are summarized in 
Scheme 1.9. The methylene chloride showed a tremendous decrease in reaction rate, 
but all other co-solvents or no co-solvent showed similar reaction rates. More 
specifically, methylene chloride, which has little miscibility with water, decreases the 
reaction rate significantly due to the reduced exposure of the carboalkoxy group to the 
aqueous NaOH. In the reaction mixture, the small amount of THF or acetonitrile is 
dissolved in a larger amount of water, making one aqueous phase, and that the diester 
participates in the reaction as the second phase, and the monohydrolysis occurs at the 
interface between the aqueous phase and the diester. The major role of THF or 
acetonitrile as a co-solvent is likely that of dispersing the starting diesters more 
smoothly to the reaction medium. This role is particularly advantageous when the 
starting diester is a solid, while the conditions free from an organic solvent are also 







Scheme 1.9 Effects of co-solvents in the monohydrolysis
 [25] 
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1.1.3 Highly efficient selective monohydrolysis of dialkyl malonates and their 
derivatives 
The highly efficient monohydrolysis of a series of dialkyl malonates and their 
derivatives with aqueous KOH or NaOH with THF or acetonitrile as a co-solvent 







Scheme 1.10 Selective monohydrolysis of dimethyl malonate 
The previous reported 
[25]
 was applied for monohydrolysis of dimethyl malonate. 
(Scheme 1.10) Compared with the optimal amount of the base, the different amounts 
of the base from 0.8 to 1.2 equiv were attempted and the yield of the half-ester was 
examined in this research. With comparable selectivity potassium hydroxide has 
slightly better reactivity than sodium hydroxide, while lithium hydroxide slightly 
decreased the selectivity and reactivity. The similar tendency was observed in the 
selectivity of monohydrolysis of dimethyl glutarate, based on the base of LiOH, 
NaOH, KOH, and CsOH. 
[27]
 The products of this reaction, half-ester, diester and a 
small amount of malonic acid, can be separated easily and the isolated yields of the 
half-ester is rather high. As an important regent of organic synthesis, monomethyl 
malonate, this reaction gives a practical and efficient preparation method and most 
frequently applied to organic synthesis. In particular, this monohydrolysis finished in 





Scheme 1.11 Selective monohydrolysis of dialkyl malonate derivatives 
It is enlarged a wider application range of dialkyl malonates and their derivatives. 
(Scheme 1.11) Under same reaction condition, in all cases of dialkyl malonates, 
half-esters had excellent purity and high yield. Interestingly, due to an increase of 
hydrophobicity, the selectivity was improved.  
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1.1.4 Fundamental knowledge of sonochemistry 
Ultrasound refers to any sound or vibration, which the frequency is more than the 
highest threshold of 20 kHz the human ear can respond. Due to the characteristics of 
high frequency ultrasonic wave are widely used in many fields such as medicine, 
industry and so on. The ultrasound wave can only pass through the elastic and inertia 
medium such as air, when the air itself once has expansion or compression, it will 
appear fluctuate from the molecular which pass through the air. The sound frequency 
range is showed in Figure 1.1. 
Figure 1.1 The ranges of sound frequency 
  One application of ultrasound is in sonochemistry. Ultrasonic wave is one kind 
of fluctuation form, it can survey and load information as a carrier or medium. While 
the ultrasonic wave is also one kind of energy form, when its intensity surpasses a 
certain value, the wave can pass through dissemination medium and have the 
interaction with the medium. Because of the interaction, ultrasonic wave can affect 
and change the state of medium, then destroy the state, nature and structure of 
medium. Sonochemistry is a newly developed marginal discipline of research, 
resulting from the impact and infiltration between acoustics and chemistry. The 
common method for applying sonochemistry technology to reactions is a type of 
ultrasonic probe system. (Figure 1.2) The probe touch with the regents and is immerse 
in reaction mixture. When the reaction is starting, the ultrasound can be acted on the 
reaction directly. This simple device is more efficient in many reactions, and special 
seals are applied in certain condition reactions such as involve reflux or using of inert 
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Figure 1.2 Ultrasound probe system applied in sonochemistry 
The sonochemistry mainly originates from the acoustic cavitation, including the 
formation, oscillation, growth shrinkage and collapse in the liquid hollow cavity, 
which lead to the physical and chemical change. 
[28]
 When the cavitation bubble 
collapsed, a high temperature which is more than 5000K and a high pressure of about 
5.05×10
8 
Pa are generated in a small space of cavitation bubble in short time. And the 
percentage speed variation is up to 1010K/s, which is accompanied by strong shock 
waves and microfluidics with the speed of more than 400km per hour. 
[29, 30]
 Under 
this condition, it provides a novel and special physical environment for chemical 
reactions which are difficult or impossible to achieve under ordinary conditions, and it 
also opened up a new chemical reaction pathways. 
Based on the features of ultrasound, there are three different formation applied in 
reactions: a. Homogeneous liquid phase reaction; b. Heterogeneous liquid and liquid, 
or solid and liquid reactions; c. Switchable heterogeneous reaction with ultrasound 
includes a radical pathway. 
As a classical example of ultrasound-assisted reaction, Kristol and co-workers 
reported the hydrolysis of nitrophenyl esters. 
[3]
 This reaction is a homogeneous liquid 
phase reaction. Because of intending localized pressure, the collapsing bubbles is 
increased, the efficiency of reaction is enhanced about 15%. (Scheme 1.12) 
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Scheme 1.12 Ultrasound-assisted alkaline hydrolysis of nitrophenyl ester 
Moon and co-workers applied ultrasound to catalyze two-phase ester hydrolysis 
and obtained carboxylic acid esters. 
[31] 
Comparing with reflux and 1000°C, the 
ultrasound-catalyzed hydrolysis was increasing the reaction rate significantly. 







Scheme 1.13 Ultrasound-catalyzed hydrolysis of carboxylic acid ester  
  Other important application is sonication can affect the conformation ratio of 
products. If both radical and ionic pathways exist in one reaction, it will be obtained 
different products. Ultrasound will be prior choice the radical, lead to different 
distribution of products. Ando and co-workers found switchable conformation of 
styrene with lead tetraacetate using ultrasound in this reaction. 
[32]











Scheme 1.14 Ultresound-switchable reaction of styrene with lead tetraacete 
Condition 
90 min 60min 10 min 
reflux ultrasound 100°C oil 
Yield (%) 15 94 4 
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1.1.5 Commonly accepted mechanism of selective monohydrolysis 
Our research group remains focused on exploring the search experience of highly 
efficient monohydrolysis of symmetric diesters over long term. So far more than 30 
symmetric diesters were hydrolyzed just on one ester group successfully, and their 
half-esters were obtained. Originally the reasonable hypotheses are given about the 
hydrophobic attractive interactions between intermolecular and/or intramolecular on 
the remaining portion of molecule. The high selectivity is attributed to the forms 
aggregated. The other research results from our group explained the interaction 













Figure 1.3 Schematic representation of dynamic equilibrium between monoers in 
the bulk solution, monomers on air-water interface, and micelles 
Surfactants are dispersed in water with the conformation of molecular at low 
concentrations. As the concentration gradually increases to a certain extent, many 
surfactant molecules immediately combine into large groups and formed "micelles". 
The minimum concentration of surfactants in water required to form micelles is 
defined the critical micelle concentration, CMC. Surface activity of surfactants 
originates from the amphiphilic structure of molecules. Hydrophilic groups tend to 
move molecules into water, while hydrophobic groups try to prevent molecules from 
dissolving in water and migrating from the inside of water which have a tendency to 
escape the aqueous phase.  As a result of these two propensity balances, the 
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surfactant is enriched in the surface of water. The hydrophilic groups extend into the 
water, and the hydrophobic groups extend into the air. With this result that the surface 
of water appears to be covered by a layer of non-polar hydrocarbon chains, which 
lead to decline of tension of water surface. (Figure 1.3) 
[33, 34]
 
Surfactant adsorbs preconcentration the monolayer at the interface. When the 
adsorption of surface reaches saturation, the surfactant molecules can’t continue to 
aggregate on the surface. And the hydrophobicity of hydrophobic groups is still 
promoting the base molecules to escape from the water environment. Then the 
surfactant molecules have self-aggregation in the dope. That is the hydrophobic 
groups aggregate together and form the core, and the hydrophilic groups contact with 
water molecules and outward to form the simplest gel. When the solution reaches the 
critical micelle concentration, the surface tension of solution is dropped to a minimum. 
At this moment, the surfactant concentration is increased, the surface tension of 
solution isn’t decreasing, but a large amount of micelles is formed. The surface 
tension is the minimum tension at this time which the surfactant can achieve. There 
represents an abrupt change of slope caused by critical micelle concentration, 
















Figure 1.4 Measurable physical property shows a discontinuity in the neighborhood 
of critical micelle concentration 
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1.2 Olefin metathesis reaction 
The 2005 Nobel Prize in chemistry was awarded to Y. Chauvin from the French 
Petroleum Institute, Robert H. Grubbs from the Massachusetts Institute of Technology 
and Richard R. Schrock from California Institute of Technology, in recognition of 
their achievements in olefin metathesis research. In recent years, as the well-defined, 
stable and efficient catalysts have been synthesized, the olefin metathesis reaction has 
been comparable to that of the traditional carbon-carbon bond formation. Therefore, 
the related olefin metathesis reaction research has become an extremely important 
topic in the field of chemistry. 
1.2.1 Basic concept of olefin metathesis reaction 
The metathesis reaction is about two kinds of material exchange components to 
generate two new products, such as A        → AC + BD (regardless of group 
charge, just note the differences from the translocation reaction in the four basic 
reaction). Similarly, two olefins exchange groups at both ends of the double bond, the 
result is the formation of two new olefins.
 [38, 39]
 (Scheme 1.15) 
Scheme 1.15 Olefin methesis reaction  
  In the mid-1950s, olefin metathesis was discovered. 
[40-43]
 Early catalyst is 
mainly composed of a transition metal salt and the main group of alkyl reagents or a 
solid support substrate mixed to form. It was defined as the unknown structure 
catalyst. The reaction of this kind of catalyst is harsh condition and the reaction 
obtained many by-products. Over the next two decades, a well-defined catalyst 
appeared to catalyze the olefin metathesis reaction, the main catalytic system include 
tungsten, molybdenum, ruthenium and other metal organic matter. They have high 
catalytic activity, and mild reaction condition, and won’t undermine the structures of 
start materials which leading to by-products reduce. 
1.2.2 Olefin metathesis reactiontypes 
Currently there are three main types of olefin metathesis reaction that are the most 
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studied: a. ring-opening metathesis polymerization (ROMP) and ring-opening crsoss 













Scheme 1.16 Olefin metathesis reaction types 
Olefin metathesis reaction is of great use in the chemical industry, it is widely 
applied in the fields of artificial synthesis of natural organic compounds, 
pharmaceuticals and preparation of special polymers. Olefin metathesis reaction is 
more effective (reduced reaction steps, fewer resource needs and less waste), more 
friendly to the environment (using of innocuous solvents reduces hazardous waste), 
and more advantageous catalyst system which is stable at room temperature and 
pressure. 
1.2.3 The Chauvin Mechanism 
 Indeed, earlier probes of olefin metathesis reaction, scientists have proposed various 
mechanisms to elucidate how this reaction is going. French scientist Chauvin and his 
student wrote a paper in 1970, they proposed that the catalyst in the olefin metathesis 
reaction was a kind of metal carbene. Then they explained the detail about the catalyst 
as an intermediate which can help olefin molecules finish the process of “exchange 
partners” in reaction. [44]  
The process of Chauvin Mechanism is described a Chauvin catalyzed cycle. 
(Scheme 1.17) In this cycle, metal carbene plays a catalyst role, it lead to the 
metathesis reaction of two terminal alkenes and form an internal alkene and an 
Muroran Institute of Technology, Jianjun Shi, December 2017 
15 
 
ethylene. This is reversible reaction, but the reaction tends to complete by promptly 
removing the product. In Chauvin catalyzed cycle, metal-methylene has a reaction 
with olefin to form a metal four-membered ring. Then the old bonds are broken and 
the product is ethylene. Part of the product ethylene is methylene in the reaction 
substrate, the other part is the methylene in the catalyst. The new metal carbene is 
connected to the other end of the double bound of reaction substrate. This new metal 
carbene have reaction with another substrate molecule to form another metal 
four-membered ring. Then the four-membered ring breaks down into internal olefins 
and metal carbene. This metal carbene will move on to the next catalyzed cycle. This 
















Scheme 1.17 Chauvin catalyzed cycle 
The Chauvin Mechanism can be seen as a process which a pair of “catalyst partners” 
and a couple of “alkene dancers” have exchanged their partners in this reaction. 
(Figure 1.5) Metal and its “partner” are hand in hand in the dance, when they meet 
that pair of “alkene partner”, they combined to form a ring. After that, both of them 
released the original hand of “dance partner”, and dance with new dancer. At this 
point new “catalyst dancer” is ready to form a new ring with another pair of “alkene 
dancer”, it means catalyst continue to play a role of catalyst in metathesis reaction. 
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While presenting the mechanism, Chauvin and his collaborators provided 
experimental support for this mechanism. This mechanism is also proven by the 
experiments of Grubb and Schroock. Although it also appeared a metal to participate 
in the four-membered ring and five-membered ring mechanism before the Chauvin 
mechanism, they don’t have the exact experimental evidence to prove. Thus, the 





Figure 1.5 Changed for partner of Chauvin Mechanism 
1.3 The ring-opening metathesis polymerization reaction (ROMP) of 
cycloolefin 
1.3.1 Introduction of cycloolefin’s ROMP  
The ROMP of cycloolefin is described in Scheme 1.18. 
[40, 45-47]
 It contains four 
aspects: cyclic olefin, the existence of carbene complex catalyst, carbon-carbon 





Scheme 1.18 ROMP reaction of cycloolefin 
It is different from free radicals, cations, anions and Ziegler-Natta coordination 
polymerization, the polymer obtained from ROMP still retains all the double bonds 
from the monomer. The catalyst (initiator) used is a carbene complex of a transition 
metal element (such as Ti, Ta, Mo, W, Ru), this is the activity center of ROMP. Some 
catalysts used in ROMP have a well-defined structure and exist in a free state, but 
some of catalysts are difficult to determine their definite structure and are difficult to 
separate. The latter is poor in the controllability of molecular weight of product and 
the reproducibility of the polymerization. In addition, the mechanism of microscopic 
research and the structure of the active center have no way to start. Therefore, the 
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metal carbene catalysts with definite separable and structure are attracting more and 
more attention. 
The study of ROMP began in the mid-1950s, 
[40]
 people have been poor cognition 
about its aggregation mechanism. In 1967, Calderon first proposed that the 
polymerization reaction is carried out by a mechanism of double bond cleavage in the 
cycloolefin molecule. 
[38,39,48,49]
 The catalyst applied in polymerization is achieved 
industrial production in 1976. Active metathesis polymerization was only reported in 
1986. The success of active ROMP research has led to the same status with living 
anionic polymerization in the design of polymer molecules. Many new functional 
polymer materials with a variety of structure, controlled composition, monodispersity 
and excellent performance are synthesized. 
[50-56]
 
1.3.2 Reaction mechanism of cycloolefin’s ROMP 
Metal carbene is the active center in ROMP of cycloolefin. The metal carbene and 
double bond in the alkene form a metal cyclobutane structure.
 [40,44,46,57-59]
 When this 
intermediate is cleaved in a metathesis manner, new olefin and metal carbene are 
formed. Since the carbon and carbon double bond is confined within a ring, basic 
ring-opening metathesis is carried out.
 [47]
 (Scheme 1.19)  
Scheme 1.19 Olefin ROMP reaction  
Metal carbene M=CHR has addition reaction with the first cycloolefin to form 
metal cyclopentane, then cleaved into the first multiplied metal carbene complex 
which is called initiating stage. After adding monomer, the metal carbene carried out 
a series of alternately repeated process with metal cyclobutane, it is known as the 
chain growth stage. If the steps are irreversible, the intermediates are stable enough 
and the rate of the initiation phase has the same order of magnitude with growth phase, 
the polymerization is living manner that means the conversion ratio of monomer is 
100%. If the rate of the initiation phase is less than the rate of the chain growth phase, 
it will result in broad molecular weight distribution of the polymer. Non-acyclic 
alkene is added to redducee the Mn value as the chain transfer reagents, 
[44]
 other 
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method is that diazo ester is added to accelerate the initiation phase rate. The 
increased carbene will have metathesis reaction with the acyclic double bond in the 
polymer chain, the molecular chain will be shorten in this process, that is also the 
reason of broad molecular weight distribution.  
The double bond of obtained polymer can be changed from all-trans to all-cis by 
using different catalyst system for catalyzing the same monomer. This is determined 
by both the coordination state between the olefin and the metal carbene and a high 
base of relative energy of metal cyclopentane. The energy of olefin coordination state 
is high, it will make the loss of stereoselectivity. On the other hand, the 
stereoselectivity is determined by the energy of the cis-trans stereo structure of two 
metal cyclobutanes.  
1.3.3 Development of catalyst about olefin ROMP 
In 1990, Professor Schrock was fortunate to receive the first well-defined 
molybdenum alkylene complex catalyst. (Scheme 1.20) 
[60]
 This is a breakthrough in 
the history of olefin metathesis. Although it has high catalytic activity, the reaction 
conditions are harsh. Schrock’s molybdenum-based catalyst achieved some success, 
[61-67]
 but most of these catalysts are very sensitive with oxygen and water, the 
application of molybdenum-based catalyst is limited to a certain degree. So far, 
chemists already have realized that olefin metathesis reaction will have important 









Scheme 1.20 Schrock catalyst 
In1992, another major breakthrough in the history of olefin metathesis was Grubbs 
and his assistant discovered the metal ruthenium carbene complex catalyst, and they 
successfully applied their catalyst to norbornene ring-opening metathesis 
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polymerization. The ruthenium-based catalyst is stable in the air, catalytic activity can 
be maintained even in the presence of water and acid which has high selectivity. In 
recent years, after Grubbs systematically researched the structure and properties of 
catalyst, it was found that the activity of catalyst is related to the dissociation of the 
ligand. It is believed that the catalytic cycle passes through a highly active 
monophosphine intermediate, therefore it has been proposed to substitute one of the 
phosphine ligands with an N-heterocyclic carbene ligand which has a stronger 
electron donating ability and stability than the phosphine ligand. The Grubbs’ earliest 
developed catalyst 
[68]
, improved first generation catalyst 
[69]
 and the second 
generation of commercial catalyst
 [70]
 are showed in Scheme 1.21. In the mid 1980’s, 
the research that would lead to the Grubbs ruthenium catalysts was initiated. With any 
catalyst system, functional groups or solvents can interfere with activity. As shown in 
the table below, titanium and tungsten catalysts are strongly disposed to olefinate 
ketones and esters. However in comparison, molybdenum catalysts, which are more 
reactive towards olefins, also react with aldehydes in protic and aprotic solvents. 
Ruthenium preferentiality reacts with olefins over most other species, which makes it 




Scheme 1.21 Earliest Grubbs catalyst, the first generation Grubbs catalyst and the 
second generation Grubbs catalyst 
 
Table 1.1 Threaction of metal catalysts toward functional groups  
Titanium Tungsten Molybdenum Ruthenium  
Acid Acid Acid Olefins Most reactive 
Alcohol, Water Alcohol, Water 
 
Aldehydes Aldehydes Aldehydes Alcohol, 
Ketones Ketones Olefins Aldehydes 
Esters, Amides Olefins Ketones 
Olefins Esters, Amides Esters, Least reactive 
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Based on the development of these catalysts it becomes easier to synthesize 
polymers with complex molecules, it also meets the requirements of green chemistry. 
Therefore, cycloolefin ROMP reaction is a powerful weapon in the field of polymer 
synthesis. 
1.3.4 Structural feature of the monomer in cycloolefin ROMP   
It was judged from the change of free energy before and after polymerization, all 
the cyclicolefin can be carried out ROMP reaction. The calculated thermodynamic 
value before and after cyclopentene to cyclooctane polymerization are listed in Table 
1.2. 
[72]
 Cyclopene and cyclobutene have high ring tension, after polymerization there 
is a more negative change in free energy than cyclopentene. In addition, both the size 
of ring and the steric hindrance of substituents have an impact on its ability of 
polymerization.  
The most common cyclic monomers are cyclopentene and norbornene in ROMP 
reaction. However, with the continuous deepening of research work, the types of 
monomer have expanded rapidly. For example, the chemical composition of 
hydrocarbon and norbornene derivatives can be polymerized and the high molecular 
weight polymers are obtained. 
[73]
 By choosing the appropriate catalyst, cyclic olefins 
containing heteroatoms such as oxygen, nitrogen, silicon and chlorine are also carried 
out ROMP reaction. 
[74-78]
 In addition, by choosing different catalysts and 
polymerization conditions, polymers with different stereostructure can be synthesized 
from methyl norbornene or fluorinated cyclic olefins. 
[79,80]
  

















cis- 16 46 -2.3 
trans- 20  -6.3 
Cyclohexene 
cis- 1-3 31 +6.2 
trans- 1-3 28 +7.3 
Cycloheptene 
cis- 14-17 20 -8.0 
trans- 19-21 17 -14.0 
Cyclooctene 
cis- 20-21 2 -19.0 
trans- 21-23 2 -20.0 
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Like all ring-opening polymerization, there is a balance between monomer and 
polymer in the process of ROMP reaction. Only when the monomer concentration 
exceeds the critical polymerization concentration, polymerization can be carried out. 
This is very important in practical application. For example, cyclopentene has smaller 
ring tension, when it is polymerized at 0℃ to form a trans- polymer, the equilibrium 
concentration is high (0.5 mol/L). When the polymerization is carried out at low 
temperature and equilibrium concentration, monomer needs to be recycled. 
[65]
 This is 
one probable reason that the ring-opening polymerization of cyclopentene has not yet 
been achieved in industrialization.     
In addition, the ring tension and the activity of the initiator are different, 
polymerization can be carried out gradually growth method, but also chain growth 
method. 
[81]
 For example, norbornene with higher ring tension is catalyzed by low 
activity catalyst, the polymerization carried out chain growth mechanism. However 
cyclooctene with small ring tension is catalyzed by high activity catalyst, dimer or 
trimer are formed at first, and then gradually increase to obtain the polymer. 
1.4 Microstructure of polymer obtained from ROMP 
1.4.1 Microstructure of polymer 
The microstructure of polymer obtained by ring-opening metathesis includes 
cis-trans isomerism of double bond in the main chain, the connection method of 
monomer substituent and the space arrangement of ring structure (stereoregularity) in 
monomers of norbornene and norbornene derivatives. In the case of structure of 
norbornadiene, there are four probable structures in main chain of polymer, such as 
cis-meso, cis-racemo, trans-meso, trans-racemo. (Scheme 1.22) The cis-trans ratio 
and the stereeoregularity of substituted norbornene-based polymer are even more 
complicated. In general, stereoselective control is easier and higher cis- or trans- 
polymers are available. However, the stereotypes of regulation is difficult to control, 
isotactic or syndiotactic is not high, or even random. Therefore, the characterization 
of the microstructure of polymer chain is also difficult.  
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Earlier stage, Feast and co-workers studied the microstructure of fluorinated 
norbornene derivatives.
 [83-85]
 Then Ivin, Rooney et al explored a systematic study of 
the ROMP reaction of a series of norbornene monomers and their derivatives using 
classic catalyst systems. 
[86-91]
 They characterize the microstructure of the 
ring-opeening metathesis polymers with nuclear magnetic carbon spectra, and the 
relationship between polymer microstructure and polymerization mechanism was also 
discussed.  
Scheme 1.22 Different possible combinations of dyad tacticity and double bond 
stereochemistry in polynoebornadiene 
1.4.2 Characterization of polymer microstructure  
The microstructural characterization of ring-opening metathesis polymer has 
always been the concern by many researchers. So far the characterization of polymer 
microstrcuture has been characterized by NMR and IR spectra. 
[82]
 Frist, the structure 
of cis- and trans- double bond in the polymer backbone can basically be distinguished 
by the absorption peak of the infrared spectrum, that’s because the peak of cis- double 
bond is at ~720cm
-1




 However, the 
infrared spectrum is difficult to quantify the ratio of cis- and trans- structure of double 
bond. It has been shown that currently nuclear magnetic resonance spectroscopy is the 
most effective method of characterizing the microstructure of metathesis polymers. 
[83]
 
It can be more accurate analysis the ratio of cis-trans structure and tactility of polymer 
in double bone. That is, the arrangement of monomer units such as isotactic or 
symbiotic and their distribution. Nuclear magnetic resonance spectroscopy can 
characterize the ratio of cis-trans structure of polymer in double bond to certain extent, 
but the absorption peak of cis-trans structure can’t be separated. Therefore, the 
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magnetic resonance spectroscopy is also limited in the characterization of polymer 
microstructure. Currently
 13
C-NMR spectrum is widely used in characterization of 
polymer stereoregularity. 
[84-86]
 Because the structural differences caused by the 
chemical shift are obvious in 
13
C-NMR spectrum, it can characterize the cis-trans 
ratio and regularity of polymer in double bond clearly. The cis-trans absorption peaks 
of double bond in the polymer backbone are usually well separated. Moreover, the 
absorption peak of repetitive unit in monomer is affected by the surrounding 
environment, which will cause more obvious chemical shift changes. For example, the 
trans- structure of allylic carbons typically have a shift of about 4 ppm from the 
downfield than cis- structure.
 [82]

















C-NMR of polynorbornene containing 50% cis double bond 
[93]
 
The simple structure of polynorbornene was first used for the study of 
microstructure. The 
13
C-NMR spectrum of 50% cis-structure of polynorbornene is 
shown in Figure 1.2, the chemical shift at about 133-135 ppm is the absorption of 
carbon and carbon double bond. It can be found that the absorption peak is messier 
and has multiple peaks. This result indicated that cis- and trans- structure of double 
bond exist in the polymer together, and the absorption peak of the allylic carbon on 
the five-membered ring of the monomer unit is affected by the adjacent cis- and trans- 
double bond. The result produced several cis- and trans- crossed off peaks. Therefore, 
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the characterization of the chain structure is more difficult. That means once the 
norbornene-based polymer contains both cis- and trans- structure, the absorption peak 
of 
13
C-NMR spectrum will be more complex, this makes it more difficult to 
characterize the chain structure.  
Except the characterization of conventional one-dimensional nuclear magnetic 
resonance spectrum, Schrock and coworkers used two-dimensional nuclear magnetic 
resonance spectrum to characterize disubstituted polynorbornadiene with optically 
active pendant groups. (Scheme 1.23) 
[94]
 If the polymer is isotactic, due to the 
asymmetric structure, the chemical environment of oxygen atom in five-membered 




H COSY relevant spectrum. And if the polymer is syndiotactic, it has C2 
symmetry axis with perpendicular to the backbone in double bond, the chemical 
environment of oxygen atom in five-membered ring is same, therefore the coupling of 




















Scheme 1.23 Polynorbornene derivatives containing optical active groups 
Noels and workers also used 2D-NMR to characterize the microstructure of 
polymers. 
[95]
 The cis- and trans- double bond of polymer backbone can be clearly 




H correlation spectra. At the same time whether the 
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coupling of proton oxygen is other method to judge stereoregularity with such optical 
active pendants of polymers. (Scheme 1.23B) 
So far various methods have been used to characterize the microstructure of 
ring-opening metathesis polymers, but most of them are just about studies on 
polymers of norbornene derivatives with simple substituent groups. However, general 
reports of microstructural characterization of polynorbornene derivatives with large 
substituent groups are less. On the one hand, because of the absorption peak of 
13
C-NMR spectrum is difficult to attribute, only the structure of the five-membered 
ring on the main chain can be clearly characterized. When the pendant has a large 
substituent group, the absorption peak of each carbon is more complicated, 
microstructures are not well characterized by conventional methods. With regular 
structure of polymers have a relatively single microstructure, compared with random 
polymers they can characterize well by NMR. Therefor, obtaining a single 
microstructure of polymers is also a method to verify the microstructure. 
1.4.3 Control of polymer microstructure  
Catalyst systems for ROMP reactions include classical catalyst such as various 
metal halides (W, Mo, Re, Os and so on), and various metal carbene catalysts (W, Mo, 
Ru, V, Ta and so on). The electronic effect and steric hindrance of catalyst ligands are 
the key factors to affect the polymer microstructure. For example, the ligands in W 
and Mo catalysts are mainly aromatic imides and phenolic oxygen/ alkoxy 
compounds. Stereoselectivity is mainly dominated by the steric hindrance of bulky 
aromatic imide ligands and electron withdrawing groups in alkoxy or aryloxy ligands, 
and bulk alkylene also has a certain contribution.  
The electronic effect of substituent in the catalyst ligand is quite important for 
stereoselectivity. Molybdenum-based carbene catalysts are carried out in series of 
norbornene monomers, the ratio of cis- and trans- structure increases with the 
increasing of ligand substituent of F atoms (MoF0, MoF3 and MoF6).
 [96-100] 
The same 
situation also occurs in the wolframium catalyst system, 
[101,102]
 for 5, 6-substituted 
norbornene derivatives, endo- configuration monomer can obtain high trans- structure 
polymer, and exo- configuration monomer can obtain polymer which difference of 
cis- and trans- structure is not obvious.  
Slight steric hindrance of the catalyst ligand causes differences in the polymer 
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microstructure. For example, when the substituent of MoF6 imide ligand is changed 
from 2, 6-isopropyl to t-butyl, the ratio of cis- structure of obtained polymer reduced 
from 97% to 78%. In addition, it has been shown that polymers are catalyzed by 
Molybdenum-based catalyst with phenolic oxygen ligand, the ratio of cis- structure 
reduces with the increasing of temperature in many researches. 
[103]
 The ratio of cis- 
and trans- structure is determined by the steric hindrance of ligand in 
molybdenum-based catalyst system. When the ligand is xylylene, obtained polymer is 




Because of the importance of catalyst ligands, much attention has been concerned 
to the modification and development of ligands by researchers. Feast and Schrock 
reported the molybdenum-based catalyst Mo(CH-t-Bu)(NAr)(OR)2 (Ar=2, 
6-C6H3-i-Pr2), 
[105]
 when the OR of ligand is O-t-Bu, it can catalyze the 
polymerization of 2, 3-bis trifluoromethyl norbornadiene, high tran- regularity 
polymer was obtained. But when the OR of ligand is OCMe(CF3)2, high cis- 
regularity (about 74%) of 2, 3-bis trifluoromethyl polynorbornadiene was obtained.  
Schrock and coworkers prepared the new type molybdenum-based catalyst 
Mo(NAd)(CHCMe2Ph)(Pyr)(OHIPT), 
[106]
 it was found that because of steric 
hindrance of OHIPT ligand, endo, exo-5, 6-dimethoxy polynorbornene can be 
selectively catalyzed, all cis- structure syndiotactic polymer was obtained. 
By changing the electronic effect and the steric effect of catalyst ligand, the 
stereoselectivity of ROMP can be changed. However, the researched about 
ruthenium-based catalyst has been seldom reported. The ruthenium-based catalyst has 
poor stereoselectivity compared with other catalyst system, and it is to monomer 
dependence very strong, there are endo- and exo- configuration of norbornene 
monomer. The configuration of monomer affects the chain structure of the polymer. 
Tlenkopatchev studies activity of polymerization using endo/exo- monomer of imide 
norbornene.
 [107]
 There is no reactivity of 100% endo- configuration monomer under 
Ru-Ⅰ catalyst. Even rise the temperature to 70 ℃ and extend the reaction time, the 
yield was still low. But same endo/exo- monomer has better polymerization activity 
under Ru-Ⅰcatalyst. Many researches show that there is great difference of cis- and 
trans- ratio of polymer obtained by different monomers. 
[108,109]
 For example, 
exo-7-oxa norbornene derivatives can obtain high trans- polymer, but endo-7-oxa 
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norbornene derivatives can obtain 80% cis- polymer. 
[110]
  
Noels made a detailed study of the controllability of chain structures without ligand 
under ruthenium-based catalyst.
 [111]
 (Table 1.3) It was found that the 2,3-functional 
norbornadienes and the corresponding 7-oxa monomers can obtain high trans- 
structure and high regularity polymers. But with the same conditions, only 45% trans- 
polymers were obtained under [(PCy3)2Ru(=CHPh)Cl2, Ru-Ⅰ] catalyst system. The 
larger size of norbornene monomer and the more concentration of PCy3 in catalyst 
system, the worse stereoselectivity of polymers were obtained. 
Table 1.3 Polymerization of 2,3-dicarbomethoxynorbornadiene in the presence of 
various ruthenium catalysrrs. 
[111]
 
Catalyst Yield Mn Mw/Mn % trans 
[Ru-Cl2(benzene)]2 84 33000 2.0 100 
[Ru-Cl2(durene)]2 77 53000 1.7 100 
[Ru-Cl2(p-cymene)]2 86 46000 1.7 100 
[Ru-Br2(p-cymene)]2 89 80000 1.9 100 
RuCl2(=CHPh) (PCy3)2 26 25000 4.9 45 
Hamilton and coworkers carried out ROMP reaction to monomers with different 
substituents and configurations using Ru-Ⅰcatalyst, [108] it was found that the cis- and 
trans- ratio and regularity of polymer obtained by different monomers have big 
difference. Luch and coworkers made use of the π-π interaction between the rigid 
structure of monomer and the aromatic ring of the side chains. 
[112-115]
 The obtained 
functional polymers have all trans- structure (>99%) in the main chain, this shows 
that the monomer structure will also affect the polymerization process. 
1.4.4 Effect of microstructure of polymer on properties 
The cis- and trans- ratio of double bond can affect the properties of the polymers. 
The result of researches shows that higher cis- ratio usually has a lower melting point 
and glass transition temperature, and the higher ratio of cis- structure, the slower 
crystallization rate. 
[116-118]
 Similarly, Tang et al. reported conjugated polymers such 
as polyacetylenes, the performance of polymers can be changed by different the ratio 
of cis- and trans- structure.
 [119-122]
 
The microstructure of polymers such as cis- and trans- ratio and tacticity can affect 
polymer properties to a large extent. A single microstructure, such as high cis- or high 
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trans- or good stereoregularity, usually has better performance. What is worth 
mentioning that the arrangement of monomer units affects the tactility of the polymer 
microstructure, and ultimately affect performance. Fox et al. synthesized norbornene 
copolymers containing pendent of electron donors and electron acceptor. 
[123-127] 
Due 
to more regular and order arrangement of the rigid structure of the side groups, this 
structure is conductive to the interaction between the side groups, and obtained 
polymers shows good optical properties.  
Grubbs et al. reported lateral substituent norbornene-based polymers with liquid 
crystalline properties. 
[128-130] 
The obtained polymers exhibit a nematic liquid crystal 
phase, this is because the pendant groups of the rigid structure possibly have more 
ordered arrangement in the polymerization process, thus affecting the performance of 
the materials. 
Luh et al. also synthesized class norbornene-based polymers with rigid substituents. 
[131] 
They utilized Rayleigh Scattering Research, observed that the nonlinear optical 
properties of the polymer increase with the increasing of molecular weight which 
showed a good linear relationship with monomer. It was indicated that the side groups 
of polymer may be ordered. Therefore, ROMP reaction can be carried out through the 
design of the monomer, and a material with good chain structure and performance is 
obtained. 
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Practical Selective Monohydrolysis of Bulky Symmetric Diesters 
2.1 Introduction 
Half-esters are among the most important building blocks for organic synthesis of a 
variety of compounds including natural products, drugs, polymers, and dendrimers. 
[1-5]
 Most typically, they are prepared by monohydrolysis of symmetric diesters.  
However, the classical monosaponification of symmetric diesters tends to produce 
complex mixtures consisting of starting diesters, half-esters, and diacids in which both 
the ester groups are hydrolyzed, and a small percentage of the corresponding 
half-esters, typically as yellowish material.  Enzymatic monohydrolysis of 
symmetric diesters requires random screening, as it provides no basis for prediction of 
the reactivity. In this work, the highly efficient selective monohydrolsis reaction we 
previously reported has been applied to monohydrolysis of several bulkyl symmetric 
diesters, including diethyl esters, dipropyl esters, and dibutyl esters.  A greater 
proportion of a polar aprotic co-solvent, DMSO, and aqueous KOH appear to help 
improve the reactivity of bulky diesters compared to the corresponding dimethyl 
esters.  The procedure is mild and practical, yielding the corresponding half-esters in 
high yields under simple conditions. 
It has been reported that 1, 2-diesters have a particularly high selectivity for a 
monohydrolysis reaction because the proximity of two esters groups in space may be 
higher. 
[6]
 The electrostatic interaction between two closely located alkoxycarbonyl 
groups in these diesters promotes the hydrolysis of alkoxycarbonyl group from a 
particular direction. It appears that the stereostructure of the diester plays an important 
role in the monohydrolysis. However, there are no systematical studies about the 
chemical effect of monohydrolysis. Especially, in the synthesis of pharmaceuticals 
and natural products the half-esters of o-, m- and p-dimethyl phthalates play an 
important role. They are usually used as important intermediates or starting materials. 
For example, Wallen research group and Umbreen research group reported the 
hydrolysis of monomethyl meta-phthlate. They successfully synthesized the 
petptidomeietic prolyl oligopeptidase inhibitors and human beta-secretase. 
[7, 8] 
Zacheis and coworkers synthesized new cancer line inhibitors to act on head and neck; 
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In synthesis field, phthalates and their derivatives such as ortho-, meta- and para- 
phthalates are hydrolyzed, the products of half-ester as important building blocks 
applied in synthesis, but it is difficult to prepare high yield and purification of these 
half-esters limited by method of monohydrolysis. Therefore the general method for 
preparing monomethyl phthalate 3 avoided the method of monohydrolysis, and used 
phthalate anhydride to reflux in methanol for opening the ring of anhydride. 
[10]
 
(Scheme 2.2) However, this method needs harsh reaction conditions, and opening 
the cyclic of anhydride requires very long reaction time. Other preparation method 
is based on enzymatic catalyst, although the product is in high yields, for enzymatic 
reaction harsh reaction and long reaction are also required. 
[11] 
(Scheme 2.3) 
















It is observed that in the synthesis of meta- phthalate 1 and para- phthalate 2 is 
more difficult than ortho- phthalate 3. At the similar reaction condition, the 
corresponding cyclic anhydrides are not applied in synthesis of compound 1 and 2. In 
order to improve the preparation of monomethyl meta-phthalate 1, monohydrolysis 
and mono methylation were reported.
 [8, 13]
 The reaction condition of monohydrolysis 
of 6 is in KOH aqueous and methanol as co-solvent, yielded half-ester in high yield in 
6 hours. Mono methylation of meta-phthalic acid was carried out at 65℃，and the 
yield was moderate. (Scheme 2.4)  
It seems that the traditional method for preparation of monomethyl para- phthalate 
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2 is less and more complicated than monomethyl meta-phthalate 1. The reaction 
condition of monohydrolysis is refluxing para-phthalate 8 in methanol with aqueous 
KOH for 3.5h. 
[13]
 There is no other applicable method to be found. However, 
carboxylation is a interesting way to prepare monomethyl para- phthalate 2, as 
starting material an arylcopper compound 9 is more different and complicated to 
prepare than the half-eater itself. 
[15]
 (Scheme 2.5) 
 
Based on the experimental results of monohydrolysis reaction, it was indicated that 
bulkier and more hydrophobic starting materials of diesters had harsh reactions 
condition and low yields, and those reactions were carried out difficultly. Under such 
conditions due to steric effect of bulkier and hydrophobic diesters, the bulky ester 
groups protect the hydroxide and hinder the carbon-oxygen double bond to be 
attacked. In alkali aqueous base, hydrophobic ester groups produce an environment 
where polar hydroxide anions cannot easily to contact with the carbon-oxygen double 









For bulky diesters of monohydrolysis, the reaction condition is harsher and the 
reaction time is longer. Ultrasound was applied to accelerate the rate of 
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monohydrolysis in researches. However, based on ultrasound reactions, a large 
amount of energy is delivered into reaction that lead to extremely high temperature 
especially regional area of reaction. In addition, ultrasound will produce cavitation 
which leads to high pressure. Because of high temperature and pressure, the 
selectivity of monohydrolysis will decrease, and the main product is diacid.               
Even so, monothyl ortho- phthalate was prepared successfully appling ultrasound 
to accelerate the rate. (Table 2.1) 
[15]
 In general, the technology of ultrasound applied 
in monohydrolysis can increase the yield of half-esters and reduce the reaction time, 
the reaction rate is accelerated to certain extent.  
 
Table 2.1 Example for accelerating the rate of monoethyl ortho- phthalate 
 Formation rate/ μM min-1  
pH Sonication Non-sonication Enhancement 
11.0 1.4 0.4 3.5 
11.5 3.0 0.7 4.3 
12.0 5.4 1.4 3.9 
12.5 10.3 2.9 3.6 
2.2 Highly selective monohydrolysis of norbornadiene derivatives 
Earlier, we reported highly efficient selective monohydrolysis of symmetric 
diesters. 
[6]
 This reaction selectively monohydrolyzes a series of symmetric diesters 
under mild and practical conditions with high yields.  The reaction mixtures are 
clean, and only the half-esters, and diacids as well as the starting diesters, if they exist, 
are observable, unlike the monosaponification reactions.  In many cases, the yields 






Scheme 2.7 Selective monohydrolysis of symmetric diesters 
However, when the starting diesters have relatively bulky ester groups, the 
reactions sometimes require an extended period of time or greater amounts of a base 
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for completion of the reactions within a shorter reaction time.  The amount of base 
and the reaction time tend to increase as the bulkiness of the ester group increases 
depending on the starting diesters. 
[17]
 For example, while the dimethyl ester, 12, is 
monohydrolyzed in about one hour with about 2 equivalents of a base, 
monohydrolysis of the corresponding diethyl ester, 13, needs about three to four times 
the equivalent of the base or a longer reaction time, 
[6]
 and the same monohydrolysis 




Scheme 2.8 Examples of selective monohydrolysis 
This trend is consistent with our observation reported before that the 
monohydrolysis occurs at the interface between the aqueous face and the diester, 
hence reflecting the reduced contact of the more hydrophobic ester groups with the 
aqueous phase.  The drawback in this trend is occasional decrease of the yields of 
half-esters due to the prolonged reaction time. A long reaction time while maintaining 





C may also be difficult. Therefore, here we attempted to improve the selectivity of 
monohydrolysis of bulky symmetric diesters.   
We initially applied ultrasound in order to accelerate the reaction rate, 
[19]
 because 
ultrasound-assisted reactions are known to enhance rates of many two-phase reactions. 
[20-24]
 However, ultrasound-assisted conditions did not improve the selectivity or 
reactivity of the diisopropyl ester, 14.  At the best result, the half-ester was obtained 
only in 60% yield with the use of 6 equivalents of aqueous KOH after 3 hours with 
recovery of 12% of the starting diester, 14.
[19]
  
We next tried to adjust reaction conditions without a special device.  According to 
our hypothesis, once one of the two ester groups is monohydrolyzed, the intermediary 
monocarboxylates form micellar aggregates in which the remaining hydrophobic 
portions point inside and the hydrophilic carboxylate groups point outside, prohibiting 
further hydrolysis. Consistent with this hypothesis, we observed that a water–miscible 
polar aprotic co-solvent such as THF and CH3CN increases the reaction rate and 
selectivity while a protic co-solvent such as an alcohol decreases the selectivity, 
perhaps by dissociating the micellar aggregates. 
[25]
 We also previously reported that 
use of DMSO improved exo-selectivity of various dialkyl 
bicycle[2.2.1]heptane-2,3-carboxylates by accelerating the monohydrolysis of the 
sterically less hindered exo-ester groups. 
[26,26]
 
Furthermore, we found that KOH often improves selectivity and reactivity 
compared to NaOH, which is perhaps due to stronger affinity of K
+
 with carbonyl 
oxygen, leading to the enhanced electrophilic character of the starting ester group. 
[28] 
We reported that aqueous KOH improved selectivity in various diesters including 
dialkyl malonates.
 [28-30]
   
Here we report various selective monohydrolysis of symmetric bulky diesters by 
tuning the reaction conditions based on our previous findings and mechanistic 
hypothesis.   
We first screened the selective monohydrolysis of dialkyl 
bicyclo[2.2.1]hept-2,5-diene-2,3-dicarboxylates. 
[31]
 All these diesters were 
synthesized in high yields by simple Diels-Alder reactions of cyclopentadiene and the 
corresponding dialkyl acetylenedicarboxylates. 
[32]
 The results are summarized in 
Table 2.2.   
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Run R Co-solvent 
Co-solvent 






1 12: Me THF 2 mL (7%): 20 mL 0.25 M NaOH 8 mL 45 min >99 
2  DMSO 2 mL (7%): 20 mL 0.25 M NaOH 8 mL 40 min >99 
3  DMSO 2 mL (7%): 20 mL 0.25 M KOH 8 mL 30 min >99 
       
4 13: Et THF 4 mL (13%): 24mL 0.5 M KOH 4 mL 5h 30min 95 
5  THF 16 mL (44%): 16mL 0.5 M KOH 4 mL 3h 93 
6  THF 24 mL (67%): 8mL 0.5 M KOH 4 mL 1h 50min 95 
7  DMSO 4 mL (13%): 24mL 0.5 M KOH 4 mL 3h 84 
8  DMSO 16 mL (44%): 16mL 0.5 M KOH 4 mL 2h 92 
9  DMSO 24 mL (67%): 8mL 0.5 M KOH 4 mL 1h 30min >99 
       
10 14: 
i
Pr THF 22 mL (73%): 4mL 0.5 M KOH 4 mL 12h 71 
11  DMSO 24 mL (67%): 8mL 0.5 M KOH 4 mL 4h 30min 87 
12  DMSO 22 mL (73%): 4mL 0.5 M KOH 4 mL 3h 93 
       
13 15: 
n
Pr THF 22 mL (73%): 4mL 0.5 M KOH 4 mL 12h 78 
14  DMSO 24 mL (67%): 8mL 0.5 M KOH 4 mL 4h 91 
15  DMSO 22 mL (73%): 4mL 0.5 M KOH 4 mL 3h 96 
       
16 16:
n
Bu THF 32 mL (84%): 2mL 0.5 M KOH 4 mL 18h 63 
17  DMSO 32 mL (84%): 2mL 0.5 M KOH 4 mL 6h 84 
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As for the dimethyl ester, 12, the reaction is known to proceed quite efficiently 
regardless of the kinds of base or co-solvent. 
[6, 25, 28]
 Therefore, in all the cases, the 
reaction produced near-quantitative yields of the corresponding half-ester, 12a, 
although we noticed, judging from the reaction time, that DMSO and KOH somewhat 
enhanced the reaction rate, which is consistent with our previous observation. The 
volume percentage of the co-solvent is the same as what we reported before (7%), 
which was found to be optimal for this dimethyl ester, 12.   
The diethyl ester, 13, required about 3-4 times as much base in the conditions we 
reported before. 
[6]
 However, the selectivities increased as the amount of THF 
increased even with the use of 1.7 equivalents of the base.  The maximal conditions 
appear to exist when the volume percentage of THF is between 13% and 67%.  The 
aqueous KOH also appears to be better than aqueous NaOH, as reported previously.  
However, DMSO improved the selectivity rather significantly, and the best and 
comparable results to the dimethyl ester, 12, were obtained when 44-67% of DMSO 
and aqueous KOH were used.  These conditions worked out for the diipropyl ester, 
14, and di-n-propyl ester, 15, but the better results were obtained when the greater 
amount of DMSO was used.  Therefore, it appears that use of a larger amount of 
DMSO help improve the selectivity as the bulkiness increases.  A greater proportion 
of THF or DMSO was applied for monohydrolysis of di-n-butyl ester, 16, and the 
effect of DMSO became clearer for this monohydrolysis.  The reaction times have 
also been shortened significantly even with the use of 1.7 equivalents of the base, 
while we sometimes needed more than a day for selective monohydrolysis of some 
dipropyl esters with the conditions reported previously.
 [6,29]    
It appears that the maximal volume percentage of the co-solvent tends to increase 
as the size of the ester group increases, which is also consistent with the smaller 
optimal amount of co-solvents for the less bulky dimethyl ester, 12, as mentioned 
above.  This greater proportion of polar aprotic co-solvent is likely to help increase 
the contact of the hydrophobic ester groups and the aqueous face. The co-solvent may 
also help protect the potential micellar aggregates formed from the intermediary 
carboxylates of bulky half-esters described above.  
From a technical point of view, use of a larger proportion of THF also sometimes 
formed hydrates, hampering the stirring of the reaction mixture, which was not the 
case with DMSO. Although DMSO is less volatile than THF and may take a longer 
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time to completely evaporate, the product half-esters all show high purities.   
A greater proportion of a polar aprotic co-solvent, DMSO, and aqueous KOH 
appear to help improve the reactivity of bulky diesters compared to the corresponding 
dimethyl esters.  The procedure is mild and practical, yielding the corresponding 
half-esters in high yields under simple conditions. However, when the similar reaction 
condition was applied in monohydrolysis of di-t-butyl ester, 17, a larger proportion of 
THF or DMSO and aqueous NaOH or KOH were not applicable for preparation of 
half-ester, 17a. The monohydrolysis results were showed in Table 2.3. It was 
observed that monohydrolysis could not be carried out at low ratios of THF (7-13%) 
even increasing the amount of aqueous base for near 10h. When high ratios of THF 
and DMSO were applied in the reaction, only near 45% of half-ester, 17a was 
obtained, and this reaction needed a very long time under these conditions. Although 
DMSO as a co-solvent had less reaction time than THF, the reaction was still long. 
That means DMSO has higher selectivity than THF. This result can be explained by 
the extremely hydrophobic property of di-t-butyl ester, 17, steric effect of bulkier and 
hydrophobic diesters, 17, the butyl ester groups protect the hydroxide and hinder the 
carbon-oxygen double bond to be attacked. In alkali aqueous base, hydrophobic butyl 
ester groups produce an environment where a polar hydroxide anion cannot easily 
contact with the carbon-oxygen double bond. Monohydrolysis is useful for many 
preparations of half-esters, but not in real practice, because half-ester, 17a is 
synthesized by acidification a using strong acid as catalyst such as trifluoroacetic acid 
or concentrated sulfuric acid.  
2.3 High selective monohydrolysis of dialkyl phthalates 
Applying the proportions that turned out to be the best in each reaction above, we 
next tried selective monohydrolysis of several bulky dialkyl phthalates.  The starting 
symmetric diesters, dialkyl phthalates, are all readily available inexpensively.  The 
product half-esters, monoalkyl phthalates, exhibit widespread applications to various 
industrial products such as plasticizers and adhesives, as well as to synthesis of a 
variety of pharmaceuticals and polymers,
 [33-42]
 but they are rather costly.  Therefore, 
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(v/v): H2O (mL) 
Aqueous base Reaction time Yield （%） 
THF 2mL (7%) : 20mL 0.25N NaOH 20mL 12h --- 
THF 4mL (13%): 24mL 0.5N NaOH 4mL 10h --- 
THF 4mL (13%): 24mL 0.5N NaOH 20mL 10h 14.0 
THF 32mL (84%): 2mL 0.5N KOH 4mL 24h 46.7 
DMSO 32mL (84%): 2mL 0.5N KOH 4mL 12h 42.9 
The results are summarized in Table 2.4. Again, the effect of DMSO is more 
prominent.  The yields of the corresponding half-esters are significantly higher with 
DMSO than with THF.  Although only about 1.7 equivalents of the base were used 
for each run, the reaction time was significantly shorter than with THF.  Here again, 
the maximal percentages of the co-solvent tend to increase as the bulkiness of the 
ester groups increases.  The increased volume percentages of the co-solvent also 
appear to help enhance the contact between the hydrophobic ester groups and the 
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Run R Co-solvent 
Co-solvent 
(v/v): H2O (mL) 
Reaction time Yield （%） 
1 18: Me THF 2 mL (7%): 20 mL 2h 88 
a
 
2  DMSO 2 mL (7%): 20 mL 40 min 94 
      
 19: Et THF 24 mL (67%): 8mL 8h 66 
9  DMSO 24 mL (67%): 8mL 2h 93 
      
10 20: 
i
Pr THF 22 mL (73%): 4mL 14h 46 
12  DMSO 22 mL (73%): 4mL 4h 81 
      
13 21: 
n
Pr THF 22 mL (73%): 4mL 14h 55 
15  DMSO 22 mL (73%): 4mL 3h 30min 85 
      
16 22:
i
Bu THF 32 mL (84%): 2mL 18h 34 
17  DMSO 32 mL (84%): 2mL 10h 77 
      
 23:
n
Bu THF 32 mL (84%): 2mL 18h 40 
  DMSO 32 mL (84%): 2mL 8h 81 
a: The conditions we previously reported were applied with 0.25M NaOH (8 mL). 
[6,19]
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According to Niwayama’s previous finding, [29] the symmetric diester, bulky 
dipropyl phenyl malonate 24 exhibited a law yield of half-ester. (Scheme 2.9) The 
synthesis of half-ester 24a usually took long reaction time. The yield was 77% after 
33 hours reaction. If reaction time continued extending, amount of correaponding 
diacid was increasing. Here we explored greater proportion of polar aprotic co-solvent 
to help increase the contact of the hydrophobic ester groups and the aqueous face. The 
results were shown in Table 2.5. The reported method for preparation of dipropyl 
phenyl malonate 10 was used. 
[49]
 We first applied high ratio of polar aprotic 
co-solvent THF and DMSO (73%), it was disappointing that the main product was 
benzoic acid, 25 instead of half-ester 24a. Then we analyzed the reason of this result, 
the hydrolysis reaction were carried out both iso- propyl ester groups. Because 
produced carboxyl groups were very close with each other, one of the carboxyl groups 
was not stable and underwent further reactions. This overreaction resulted in the main 
product of benzoic acid. Next the ratio of polar aprotic co-solvent DMSO was 
decreased to prevent the overreaction, but the main product was still benzoic acid. We 
also changed the aqueous base NaOH to KOH and reduced the amount of KOH, and 
the product was always benzoic acid. It was indicated that although high ratios of 
polar aprotic co-solvent DMSO really had higher selectivity and accelerated the 












(v/v): H2O (mL) 
Aqueous base Reaction time Yield （%） 
THF 22 mL (73%): 4mL 0.5N KOH 4mL 10h 68.4 
DMSO 2mL (7%): 20mL 0.5N KOH 4mL 20h 90.2 
DMSO 4mL (13%): 24mL 0.5N NaOH 4mL 9h 95.7 
DMSO 2mL (5%): 40mL 0.5N KOH 2mL 10h 73.6 
DMSO 24 mL (67%): 8mL 0.5N KOH 4mL 5h 86.3 
DMSO 22 mL (73%): 4mL 0.5N KOH 2mL 5h 50.6 
DMSO 22 mL (73%): 4mL 0.5N KOH 4mL 10h 60.7 
2.4 Comparison of different monohydrolysis between co-solvent 
applied and ultrasound-assisted results  
Our research group has explored the reaction condition of monohydrolysis in 
long-term basis. We initially applied ultrasound in order to accelerate the reaction rate, 
[19]
 because ultrasound-assisted reactions are known to enhance rates of many 
two-phase reactions. Here, we found two methods to improve the monohydrolysis 
reaction in aqueous base, one was co-solvent applied in monohydrolysis and the other 
one was ultrasound-assisted reaction. Both of two methods really improve the reaction 
rate and selectivity of hydrolysis. The unsuccessful results with the 
ultrasound-assisted conditions mentioned above may also be attributed to potential 
dissociation of the aggregates by sonication. 
The reaction proceeds quite efficiently regardless of the kinds of base or co-solvent 
for the dimethyl ester, 12. (Table 2.6) In all the cases of no ultrasound-assisted 
reaction, the reaction produced near-quantitative yields of the corresponding half-ester, 
12a, judging from the reaction time, that DMSO and KOH somewhat enhanced the 
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reaction rate. While applied ultrasound in this reaction, the reaction time was 
shortened to 15 min. The yield of 98% had a little decreasing. It was indicated that 
both polar aprotic co-solvent DMSO and ultrasound could accelerate the 
monohydrolysis rate, ultrasound-assisted condition showed more noticeable 
acceleration. In ultrasound-assisted reaction, a large amount of energy is delivered 
into reaction that lead to extremely high temperature especially regional area of 
reaction. In addition, ultrasound will produce cavitation which leads to high pressure, 
and this lead to the decreased yield. Because dimethyl ester group is not bulky, even 






These conditions worked out for the diisopropyl bicyclo [2.2.1] hepta-2,5- 
diene-2,3-dicarboxylate, 14, (Table 2.7) the better results were obtained when the 
greater amount of DMSO was used. Therefore, it appears that use of a larger amount 
of DMSO help improve the selectivity as the bulkiness increases. In 
ultrasound-assisted reaction, the aqueous base KOH was used with 1.6, 3.0, 4.5 and 
6.0 equivalents. With a common condition of aqueous base KOH (1.67 eq), after 
ultrasound was used in reaction for 8h, the yield of half-eser, 14a was 19%. With 
increase of the amount of base, the yield of obtained half-ester was increased and the 
reaction time was shortened. When those results were compared with the reaction 
applied with great amount of co-solvent DMSO, the yield was still low and the 
reaction time was still long. Especially, in the same reaction time of 3h, the best yield 
was 93% using 73% DMSO, only 60% in ultrasound-assisted condition. However, 
Ultrasound Co-solvent 
Co-solvent 
(v/v): H2O (mL) 
Aqueous base Reaction time Yield （%） 
no THF 2mL (7%): 20mL 0.25N NaOH 8mL 45min >99 
no DMSO 2mL (7%): 20mL 0.25N KOH 8mL 30min >99 
yes THF 2mL (7%): 20mL 0.25N NaOH 8mL 15h 98 
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ultrasound-assisted conditions did not improve the selectivity or reactivity of the 
diisopropyl ester, 14.  At the best result, the half-ester was obtained only in 60% 
yield with the use of 6 equivalents of aqueous KOH after 3 hours with recovery of 12% 
of the starting diester, 14. In this reaction, although both of two methods really 
improve the reaction rate, great amount of polar aprotic co-solvent DMSO can lead to 





(v/v): H2O (mL) 
Aqueous base Reaction time Yield （%） 
no THF 22 mL (73%): 4mL 0.5 M KOH 4 mL 12h 71 
no  DMSO 24 mL (67%): 8mL 0.5 M KOH 4 mL 4h 30min 87 
no  DMSO 22 mL (73%): 4mL 0.5 M KOH 4 mL 3h 93 
yes DMSO 2mL (7%): 20mL 0.5 M KOH 4 mL 8h 19 
yes DMSO 2mL (7%): 20mL 0.5 M KOH 8 mL 7h 53 
yes DMSO 2mL (7%): 20mL 0.5 M KOH 12 mL 4h 57 
yes DMSO 2mL (7%): 20mL 0.5 M KOH 16 mL 3h 60 
Same results worked out from the monohydrolysis of dimethyl phthalate, 18 as 
shown in Table 2.8, and the better results were obtained when the greater amount of 
DMSO was used. Although using the same co-solvent of THF, ultrasound-assisted 
condition had less reaction time than when high ratio of THF in reaction, and the yield 
of half-ester, 18a was less than using high ratio of THF. In this reaction, comparing 
the results of applying a great amount of co-solvent DMSO, DMSO can lead to 






















no THF 2 mL (7%): 20 mL 0.5 M KOH 4 mL 2h 88 
no DMSO 2 mL (7%): 20 mL 0.5 M KOH 4 mL 40 min 94 
yes THF 2mL (7%): 20mL 0.25 M NaOH 8 mL 40 min 80 
A greater proportion of a polar aprotic co-solvent, DMSO, and aqueous KOH 
appear to help improve the reactivity of bulky diesters, and ultrasound-assisted 
condition also can accelerate the ration of hydrolysis reaction. However, based on 
ultrasound reactions, a large amount of energy is delivered into reaction that lead to 
extremely high temperature especially regional area of reaction. Ultrasound will 
produce cavitation which leads to high pressure. The high temperature and pressure, 
the selectivity of monohydrolysis will reduce, and the main product is diacid.             
2.5 Summary  
The highly efficient selective monohydrolsis reaction we previously reported has 
been applied to monohydrolysis of several bulkyl symmetric diesters, including 
diethyl esters, dipropyl esters, and dibutyl esters. A larger proportion of a 
water-miscible polar aprotic co-solvent, DMSO, and aqueous KOH helps accelerate 
the selective monohydrolysis reaction of several bulky symmetric diesters, and 
consequently enhances the selectivity, producing the corresponding half-esters in high 
yields.  
The procedure is mild and practical, yielding the corresponding half-esters in high 
yields under simple conditions. We found that this additional factor helps improve the 
results of the monohydrolysis reaction for bulky diesters in addition to a longer 
reaction time, use of other polar aprotic co-solvents such as THF or CH3CN, and/or 
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greater amounts of an aqueous base when the reactivity is low. 
[48]
 The conditions 
reported here are practical without requiring expensive reagents or equipment and 
consistent with our mechanistic hypothesis and previous observations. All the 
half-esters here show excellent purities and stability over a period of time. 
[49]        
Ultrasound-assisted condition also can accelerate the ration of hydrolysis reaction. 
However, based on ultrasound reactions the reaction time is shortened, compared with 
larger proportion of co-solvent DMSO applied reaction, the improvement is not 
obvious. The high temperature and pressure, the selectivity of monohydrolysis will 
reduce, and the main product is diacid.    
2.6 Experimental section  
General experimental conditions 
All reagents and solvents, unless otherwise stated, were purchased from 
commercial companies, and were used directly without further purification. Melting 
points were measured on a Micro Melting Point Apparatus (Yanaco MP-500D) and 
were uncorrected. NMR spectra were recorded at 298K using a Varian Unity Plus 500 





frequencies of 75.5, 126, or 15 MHz, respectively). High resolution mass 
spectroscopy (HRMS) was characterized with BRUKER MALDI-TOF-MS 
(Matrix-assisted laser desorption/ionization Time-of-flight) apparatus which was 
equipped in Experimental Sciences at Muroran Institute Technology. 
Synthetic procedure and structure information of compounds 






   
Freshly distilled diacetylenedicarboxylate (44.7mmol) was added dropwise to 
freshly distilled cyclopentadiene (44.7mmol), cooling the mixture with a water bath 
when the temperature exceeded 45℃. The resulting diesters (quantitative yield) were 
purified by silica gel column chromatography. The reaction lasted 12h. 






   
 
 
Diester 12 (isolated yield: 91%). Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 
2.08 (1H, dt, J = 7.0 Hz and 2.0 Hz), 2.25 (1H, dt, J = 7.0 Hz and 2.0 Hz), 3.76 (6H, 
s), 3.92 (1H, m), 6.89 (1H, t, J = 1.5 Hz); 
13
C NMR (125 MHz, CDCl3) δ= 52.11, 







Diester 13 (isolated yield: 89%). Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 
1.29 (6H, td, J = 7.0 Hz and 1.0 Hz), 2.07 (1H, d, J = 6.5 Hz), 2.27 (1H, d, J = 7.0 Hz), 
3.92 (1H, m), 4.22 (4H, q, J = 7.0 Hz), 6.91 (1H, t, J = 2.0 Hz); 
13
C NMR (125 MHz, 







Diester 14 (isolated yield: 85.7%). Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 
1.28 (12H, dd, J = 2.0 Hz and 1.5 Hz), 2.05 (1H, dt, J = 6.5 Hz and 1.5Hz), 2.27 (1H, 
dt, J = 6.5 Hz and 1.5Hz), 3.89 (1H, m), 5.08 (2H, m), 6.90 (1H, t, J = 2.0 Hz); 
13
C 












Diester 15 (isolated yield: 81.8%). Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 
0.95 (6H, t, J = 7.0 Hz), 1.69 (4H, m), 2.08 (1H, d, J = 7.0 Hz), 2.28 (1H, d, J = 6.0 
Hz), 3.92 (1H, m), 4.12 (4H, t, J = 6.0 Hz), 6.91 (1H, t, J = 1.5 Hz); 
13
C NMR (125 








Diester 16 (isolated yield: 79.2%). Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 
0.92 (6H, t, J = 7.5 Hz), 1.37 (4H, m), 1.62 (4H, m), 2.06 (1H, d, J = 7.0 Hz), 2.26 
(1H, d, J = 6.5 Hz), 3.91 (1H, s), 4.15 (4H, t, J = 7.0 Hz), 6.89 (1H, t, J = 1.5 Hz); 
13
C 









Diester 17 (isolated yield: 78.9%). White solid. 
1
H NMR (500 MHz, CDCl3) δ= 
1.48 (18H, s), 1.99 (1H, d, J = 7.0 Hz), 2.26 (1H, d, J = 7.0 Hz), 3.82 (1H, m), 6.87 
(1H, t, J = 1.5 Hz); 
13
C NMR (125 MHz, CDCl3) δ=28.25, 53.61, 72.41, 81.53, 
142.47, 152.06, 164.58. 
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Selective monohydrolysis of norbornadiene derivatives 
The experimental procedures are as follows: A diester (1.2 mmol) was dissolved in 
the specified amount of THF or DMSO, and the specified amount of water was added.  
The reaction mixture was immersed in an ice-water bath and cooled to 0 
o
C.  To this 
reaction mixture was added the aqueous base in small portions with stirring until the 
starting diester is consumed according to TLC.  The reaction mixture was acidified 
with 1.0 M HCl at the same temperature (0 
o
C), saturated with NaCl, extracted with 
ethyl acetate three to four times, and dried over Na2SO4. The extracts were evaporated 








Half-ester 12a. White solid. 
1
H NMR (500 MHz, CDCl3) δ= 2.13 (1H, d, J = 7.0 
Hz), 2.23 (1H, d, J = 7.0 Hz), 3.94 (3H, s), 4.10 (1H, br. s), 4.25 (1H, br. s), 6.90 (2H, 
m);
13
C NMR (125 MHz, CDCl3) δ= 53.52, 53.89, 54.88, 72.83, 141.87, 142.83, 
151.14, 162.55, 162.66, 168.31; mp 107-108 °C (lit.108-109 °C). HRMS Calcd for 
C10H11O4 (M+H)
+








Half-ester 13a. Oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.40 (3H, t, J = 7.5 Hz), 2.13 
(1H, d, J = 7.0 Hz), 2.24 (1H, d, J = 7.0 Hz), 4.10 (1H, br.s), 4.28 (1H, br. s), 4.38 
(2H, m), 6.91 (2H, m); 
13
C NMR (125 MHz, CDCl3) δ= 14.08, 53.51, 54.88, 63.49, 
72.83, 141.878, 142.90, 151.50, 162.34, 162.81, 167.91. HRMS Calcd for C11H13O4 
(M+H)
+
: 209.0813. Found: 209.0818. 









Half-ester 14a. Oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.38 (6H, dd, J = 6.0 Hz, J = 
6.5 Hz), 2.12 (1H, d, J = 7.0 Hz), 2.23 (1H, d, J = 7.0 Hz), 4.08 (1H, br. s), 4.25 (1H, 
br. s), 5.18 (1H, m), 6.91 (2H, m); 
13
C NMR (125 MHz, CDCl3) δ=21.76, 53.51, 
54.86, 71.87, 72.74, 141.86, 142.94, 151.96, 162.02, 162.96, 167.43. HRMS Calcd for 
C12H15O4 (M+H)
+







Half-ester 15a. Oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.01 (3H, t, J = 7.5 Hz), 1.79 
(2H, m), 2.13 (1H, d, J = 7.5 Hz), 2.24 (1H, d, J = 7.5 Hz), 4.10 (1H, br. s), 4.27 (2H, 
m), 4.32 (1H, br. s), 6.90 (2H, m); 
13
C NMR (125 MHz, CDCl3) δ=10.42, 21.80, 
53.49, 54.84, 68.84, 72.76, 141.83, 142.93, 151.55, 162.28, 162.81, 167.93. HRMS 
Calcd for C12H15O4 (M+H)
+







Half-ester 16a. Oil. 
1
H NMR (500 MHz, CDCl3) δ= 0.97 (3H, t, J = 7.5 Hz), 1.44 
(2H, m), 1.74 (2H, m), 2.12 (1H, d, J = 7.0 Hz), 2.23 (1H, d, J = 7.0 Hz), 4.09 (1H, br. 
s), 4.24 (1H, br. s), 4.31 (2H, m), 6.90 (2H, m); 
13
C NMR (125 MHz, CDCl3) δ= 
13.78, 19.20, 30.36, 53.50, 54.84, 67.25, 72.76, 141.84, 142.92, 151.55, 162.25, 
162.81, 167.94 HRMS Calcd for C13H17O4 (M+H)
+
: 237.1126. Found: 237.1136. 










Half-ester 17a. Oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.57 (9H, s), 1.44 (2H, m), 
2.09 (1H, d, J = 7.5 Hz), 2.22 (1H, d, J = 7.5 Hz), 4.01 (1H, br. s), 4.22 (1H, br. s), 
6.90 (2H, dt, J = 27 Hz and 4Hz); 
13
C NMR (125 MHz, CDCl3) δ= 28.04, 53.89, 
54.79, 72.59, 85.63, 141.83, 142.98, 153.25, 161.33, 163.13, 167.32. 
 
Selective monohydrolysis of dalkyl phthalates 
[19]
 
The experimental procedures are as follows: A diester (1.2 mmol) was dissolved in 
the specified amount of THF or DMSO, and the specified amount of water was added. 
The reaction mixture was immersed in an ice-water bath and cooled to 0℃. To this 
reaction mixture, 4mL of 0.5 M KOH was added in small portions with stirring until 
the starting diester is consumed according to TLC.  The reaction was stirred at the 
same temperature.  It was then acidified with 1.0 M HCl at 0 ℃, saturated with NaCl, 
extracted with ethyl acetate three to four times, and dried over Na2SO4. The extracts 
were evaporated in vacuo and purified by silica gel column chromatography to afford 






Half-ester 18a. White solid. 
1
H NMR (500 MHz, CDCl3) δ= 3.93 (3H, s), 7.59 (2H, 
m), 7.69 (1H, d, J = 7.8 Hz), 7.93(1H, d, J = 8.0 Hz).
 13
C NMR (125 MHz, CDCl3) δ= 
53.03, 128.87, 130.00, 130.11, 131.04, 132.44 , 133.40 , 168.82, 172.23. mp 
82–83 °C.(lit. 82-84 °C)  HRMS Calcd for C9H9O4 (M+H)
+
: 181.0500. Found: 
181.0507. 
 









Half-ester 19a. Oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.37 (3H, t, J = 7.0 Hz), 4.39 
(2H, q, J = 7.3 Hz), 7.59 (2H, m), 7.70 (1H, d, J = 7.0 Hz), 7.91 (1H, d, J = 7.5 Hz).
 
13
C NMR (125 MHz, CDCl3) δ= 13.99, 62.07, 128.82, 129.88, 130.04, 130.88, 132.30, 
133.64, 168.28, 172.71 HRMS Calcd for C10H11O4 (M+H)
+







Half-ester 20a. White solid. 
1
H NMR (500 MHz, CDCl3) δ= 1.35 (6H, d, J = 6.5 
Hz), 5.28 (1H, m), 7.57 (2H, m), 7.68 (1H, d, J = 7.5 Hz), 7.90 (1H, d, J = 7.5 Hz).
 
13
C NMR (125 MHz, CDCl3) δ= 21.67, 69.83, 128.90, 129.94, 130.66, 130.78, 132.32, 
134.05, 167.77, 172.73. mp 78-80 °C. (lit.79-81.5 °C) HRMS Calcd for C11H13O4 
(M+H)
+






Half-ester 21a. Oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.00 (3H, t, J = 7.5 Hz), 1.77 
(2H, m), 4.29 (2H, t, J = 7.0 Hz), 7.59 (2H, m), 7.71 (1H, d, J = 7.0 Hz), 7.91 (1H, d, 
J = 7.2 Hz).
 13
C NMR (125 MHz, CDCl3) δ= 10.55, 21.87, 67.73, 128.87, 129.89, 
130.08, 130.89, 132.31, 133.66, 168.35, 172.83. HRMS Calcd for C11H13O4 (M+H)
+
: 
209.0813. Found: 209.0819. 
 
 








Half-ester 22a. White solid. 
1
H NMR (500 MHz, CDCl3) δ= 0.99 (6H, d, J = 7.0 
Hz), 2.05 (1H, m), 4.11 (2H, d, J = 7.0 Hz), 7.59 (2H, m), 7.72 (1H, d, J = 7.0 Hz), 
7.91 (1H, d, J = 7.5 Hz).
 13
C NMR (125 MHz, CDCl3) δ= 19.26, 27.78, 72.59, 128.93, 
129.95, 130.17, 130.95, 132.32, 133.64, 168.35, 172.54. mp 77.8-78.2 °C. (lit. 
78-80 °C). Anal calcd for C12H14O4 : C, 64.85; H, 6.35. Found: C, 64.72; H, 6.36. 
HRMS Calcd for C12H15O4 (M+H)
+







Half-ester 23a. White solid. 
1
H NMR (500 MHz, CDCl3) δ= 0.94 (3H, t, J = 7.5 
Hz), 1.44 (2H, m), 1.73 (2H, m), 4.34 (2H, t, J = 6.5 Hz), 7.59 (2H, m), 7.70 (1H, d, J 
= 7.5 Hz), 7.91 (1H, d, J = 7.5 Hz).
 13
C NMR (75 MHz, CDCl3) δ= 13.81, 19.29, 
30.54, 66.02, 128.90, 129.94, 130.11, 130.91, 132.32, 133.68, 168.37, 172.69. mp 
73-74 °C. (lit. 73°C) HRMS Calcd for C12H15O4 (M+H)
+







Benzoic acid 25. White solid. 
1
H NMR (500 MHz, CDCl3) δ= 3.66 (2H, s), 7.33 
(5H, m).
 13
C NMR (125 MHz, CDCl3) δ=41.20, 127.49, 128.78, 129.51, 133.34, 
178.36. 
 
Synthesis of dipropyl phenyl malonate 








A 300-mL, one-necked, round-bottomed flask is equipped with a magnetic stirrer, 
Dean-Stark trap, and a reflux condenser. The flask is charged with 15.0 g (83.26 
mmol) of phenyl malonic acid, 12.51g (208.15 mmol) of n-Propanol, 158.36 mg 
(0.8326 mmol) of p-toluenesulfonic acid monohydrate, and 100 mL of benzene. The 
mixture is heated under reflux in an oil bath (about 135°C) for 7 hr. During this 
period the theoretical amount of wateris collected. The mixture is allowed to cool to 
ambient temperature, diluted with CH2Cl2, and poured into 50 mL of aqueous, 
saturated sodium bicarbonate. The organic phase is separated and the aqueous phase 
is extracted twice with CH2Cl2. The combined organic phases are dried over sodium 
sulfate. The solvent is removed with a rotary evaporator, and the resulting crude 







Dipropyl phenyl malonate 24. Colorless oil. 
1
H NMR (500MHz, CDCl3): 0.92 (6H, 
t, J = 7.5 Hz), 1.65 (4H, m), 3.63 (1H, s), 4.07 (4H, t, J = 7.0 Hz), 7.31(5H, m); 
13
C 
NMR (125 MHz, CDCl3): 10.42, 22.02, 41.54, 66.53, 127.10, 128.62, 129.33,134.29, 
171.77. 
 
Synthesis of monopropyl phenyl malonate 
Dipropyl phenyl malonate (0.60 mmol) was dissolved in 1 mL of DMSO, and 10.4 
mL of water was added. The reaction mixture was cooled to 0 
o
C in the coolant. The 
sonicator was then swiched on. To this mixture was added 3.6 mL of a 0.5 M aqueous 
KOH solution dropwise. The reaction mixture was sonicated for 2 h, and acidified 
with 1 M HCl at 0 
o
C, saturated with NaCl, extracted with ethyl acetate, washed with 
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brine and dried over Na2SO4. The extract was concentrated in vacuo and purified by 
silica gel column chromatography with hexane:ethyl acetate (3:1) and then ethyl 







Monopropyl phenyl malonate 24a. Colorless oil. 
1
H NMR (500MHz, CDCl3): 0.89 
(3H, t), 1.67 (2H, m), 4.19 (2H, m), 4.69 (1H, s), 7.37(5H, m); 
13
C NMR (125 MHz, 
CDCl3): 10.20, 21.75, 57.50, 67.71, 128.60, 128.72, 129.18, 132.25, 168.50, 173.09. 
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Synthetic Studies of Polymers from Ring-opening Metathesis of 
Polymerization Obtained by Practical Selective Monohydrolysis 
Reaction 
3.1 Introduction 
3.1.1 Ruthenium catalyst system in ring-opening metathesis polymerization  
 Over recent two decades, because of the various emerged metal-catalysts olefin 
metathesis is a powerful methodology in synthesis field, the advantage of 
metal-catalyzed olefin metathesis is about design of the small molecule monomers to 
macromolecular architectures. Ring-opening metathesis polymerization (ROMP) is 
rapidly developing through the formation of metal-carbene complexes. Various 
monomers with a strained cyclic structure which provides the driving force of opening 
the ring are applied in ROMP reaction. The structure which easily relief the ring strain 
leads to active ROMP reaction, as the C=C in the ring structure is attacked by the 
metal-carbene. After opening strained rings, a highly strained metallacyclobutane 
intermediate is formed. Based on the highly strained metallacyclobutane intermediate, 
it is very important to design metal-catalyst system. 
The research of Grubbs’ ruthenium-based catalysts was initiated in the mid 1980’s. 
In various catalyst systems, the catalytic activity is interfered by functional groups or 
solvents. About metal-catalyst system in comparison, ruthenium-based catalyst 
preferentiality has reaction with olefins over acids, alcohol, aldehydes, ketones and 
esters. 
[1] 
It makes ruthenium-based catalyst as an excellent metathesis catalyst. In 
Grubbs’ research results, polymers obtained from 7-oxonorbornene are good 
ionophores. 
[2]
 The significant contribution of Grubbs’ ruthenium-based catalysts not 
only catalyze olefins, but also generate polymers with high molecular in water.  
Grubbs and coworkers study thee mechanism of the polymerization based on 
ruthenium-based catalysts. 
[3]
 It is indicated that the key factor of polymerization is a 
strain ruthenium and olefin. The driving force is relief of the ring strain. It can be 
obtained a stable 16e
-
 reuthenium carbene complex after the reaction of 
Ruthenium-Ⅱ and diphenylcyclopropene which is stable in a protic solvent, (Scheme 






Obtained compound 31 had high selectivity in metathesis reaction, just had reaction 
with electron rich and strained olefins. And the ligand of compound 31 was 
exchanged, could increase the ractivity of metathesis. Previous experiments 
exchanged the activity centre of metal carbene to more electrophilic for increasing the 
activity. 
[4]
 When ligand of compound 31, a basic cyclohexylphosphine, the reactivity 
was obviously enhanced and could catalyze unsaturated and acyclic olefins in 
metathesis polymerization. 
[5]
 But about designing many different ligand of catalysts 
based on Schrock’s work, those catalysts were unstable in air and reaction had to be 
carried out under a nitrogen atmosphere. 
An excellent route was applied in ruthenium catalyst, ruthenium benzylidene 
complexes appeared as earlier Grubbs’ first generation catalyst in 1996. [6, 7] These 
benzylidene complexes gave the basis for designing the ruthenium-based catalyst 
technology, and in reactions of this kind of catalyst had high activity and quick 







Then the mechanism of Grubbs’ catalyst was analyzed. Many research discovered 
that in the procedure of reaction, the 14e- species were produced after one of the 
neutral ligands was lost. It was found that the more basic the phosphine, the higher is 
the activity. Because the carbene olefin complex was progressed to the metallacycle, 
it formed an intermediate metallacycle. In this procedure the oxidation of metal centre 
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was involved and the procedure is favouring the addition of a π-acidic olefin. (Scheme 
3.3) It was also observed that with the metal carbene with less bulky phosphines, it 

















Based on Grubbs’ [Ru]-Ⅰcatalyst, many different structures were tested, and the 
most stable structure was obtained with an NHC substituted to mesityl groups. The 
new catalyst involved a 1, 3-dimesitylimidazolin-2-ylindene (IMES) ligand. The NHC 
ligand enhanced the activity and showed high activity, and IMES increased the 
stability of catalyst. At the same time, a strong electron donor of the NHC ligand 
formed stable intermediates. (Scheme 3.4) 
[8]
 
The intense research of commercially available (1R, 2R)- diphenylethylenediamine 
was given by Grubbs’ group. They developed the chiral NHC catalysts. A new 
precursor of palladium coupling with mesityl bromide was found and formed the 
dihydro-2-imidazazolium salt. It is the procedure to obtain the ruthenium complex 

















The NHC systems have ability of donate σ electrons, this structure of systems and 
its ability produce to a strong trans- effect. However, mechanistic studies were 
explored, and it was indicated that there actually existed an increasing tendency which 
14e- formation by up to 10
2 
in NHC species. 
[11]
 Because of the favored reaction of the 
π acidic olefin relative to the basic σ donor system, the reactivity will be actually 
increased, and this accounts for the activity in metathesis. 
[12]
 
3.1.2 Ring-opening metathesis polymerization of norbornene and norbornadiene 
derivatives  
The norbornene and norbornadiene derivatives with strain bicyclic structure are an 
ideal monomer for ROMP reaction. These classical monomers are catalyzed by 
Grubbs’s ruthenium-based catalysts and leads to highly controllable polymers. 
Especially, norbornene and norbornadiene derivatives can be readily functional 
groups, and therefore side chain functionalities give more extensive application. 
Based on Grubbs’ catalyst, the ROMP reaction is living polymerization, and this 
character also allow two different monomers to be introduced in polymerization, 
producing alternative co-polymers. Co-polymers contain more functional groups 
resulting from monomers, which impart more special properties to polymers. 
  Grubbs’s group found well-defined ruthenium-based catalyst 30 and 31. [3] After 
many experimental tests, carbene complex 31 was active than complex 30 for 
polymerization of norbornene, especially to polymerize low-strained cyclic olefins. 
Functionalized norbornene and 7-oxanorbornene derivatives were polymerized by 
these two different catalysts. 
[4]
 (Scheme 3.5) The more electron-rich 
cyclohexylphosphine ligand appeared more stable ruthenium carbene intermediate, 
and increased the reaction rate. 














Scheme 3.5 Functionalized norbornene and 7-oxanorbornene derivatives were 
polymerized by complex 30 and complex 31 
 
Silicon-containing polymers apply silicon in polymers, such as homopolymers, 
block co-polymers and end-functionalized polymer, resulting interesting properties 
which offer potential in functional materials. 
[13]
 A silicon-containing polymer with 
norbornene backbone was polymerized in 1, 2-dichloroethane at 60℃ by complex 31 
in high yield, and the obtained polymer had a narrow molecular weight distribution. 
[14]








Scheme 3.6 Silicon-containing polymer with norbornene backbone was polymerized 
by complex 31 
The ruthenium catalyst is readily available and exhibits resistance to oxygen and 
water, and the polymerization is easily produced resulting polymers. In most cases, 2, 
3-dicarbomethoxynorbornene and 2, 3-dicarbomethoxynorbornadiene are 
polymerized and served as a test to explore the polymerization condition and 
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investigated the influence of experimental factors such as reaction temperature, 
reaction time, feature of solvent and the ratio of catalyst. Highly efficient selective 
initiators for polymerization of poly-norbornadiene derivatives and their 7-oxa 
analogues had been reported and achieved by Schrock research group. 
[15-18]
 The more 
sophisticated structure of molybdenum-based and tungsten-based catalyst such as 
Mo(=CHCMe2Ph)(N-2, 6- C6H3-i-Pr2)(O-t-Bu)2 were used in this research. It was 
found that ruthenium-based catalyst system was more likely to set up and carry out 
the polymerization of olefin structure compared with molybdenum-based and 
tungsten-based catalyst, even with traces of air or water in reaction mixtures. The 
activity centre of ruthenium-based catalysts is generated in situ, resulting 
uncontrollable molecular weight and a broad polydispersity. Depending on the 
experimental results of NMR observation 
[23]
 and DSC character 
[24]
, there is a thermal 
arene displacement. Support in favor of living ROMP of well-defined 
ruthenium-based catalysts, such as mentioned [Ru]-Ⅱ (RuCl2(=CHPh)-(PCy3)2) 
catalyst 
[19]
 or new developed N-heterocyclic carbene catalyst, 
[25]
 it’s also good case 
that the in situ formation of a ruthenium trimethylsilylvinylidene carbene from TMSD. 
The initiator of ruthenium catalyst achieves coordination sphere with chelation of 
monomer.  
  Noels et al. polymerized the 2, 3-difunctionlized norbornadiene derivatives using 
[Ru]-Ⅰcatalyst. (Scheme 3.7) [26] They prepared high yield, high trans- structure and 
highly tactic polymers in the presence of trimethylsilysilyldiazomethane (TMSD). 
Based on these experimental results, the mechanism of polymerization had the 
procedures of arene loss, carbene formation and monomer chelation. Then they 
continued to explore the polymerization of 7-oxa analogues of 2, 3-difunctionlized 
norbornadienes at the same reaction conditions. (Scheme 3.8)
 [26]
 The ratio of trans- 
and cis- structure and tacticity was effected on the size of alkyl substituent, with the 
increasing size the decrease of trans- structure content and tacticity was obtained.  
 




Noels group applied norbornadiene derivative obtained by 2,5-norbornadiene-2,3- 
dicarboxylic acid dichloride in the presence of pyridine in ring-opening metathesis 
polymerization. 
[27]
 (Scheme 3.9) The result about minor cis- structure of obtained 
polymers were syndiotactic. Referring to the enantiomorphic sites model, 
[28,29]
 the 










Scheme 3.9 Ring-opening metathesis polymerization of norbornadiene derivative 
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  Because of propagating polymer chain and incoming monomer, the rate between 
exo-/endo- of obtained polymers in ROMP is rather different (about >19times). 
[30] 
Some reports showed living methods to prepare well-defined microstructures 
polymers in ROMP reaction. Nishihara et al. reported the preparation of exo-isomer, 
















3.2 Ring-opening metathesis polymerization of 2,3-dicarbomethoxy- 
norbornadiene 
The development of environmentally friendly organic reactions has been of central 
importance, and water-mediated organic reactions represent a typical “green 
chemistry”.  We have been developing highly efficient selective monohydrolysis 
reactions of symmetric diesters in aqueous media in the second chapter. Here we 
present our efforts towards synthesis of a library of new polymers starting from 
symmetric esters having a norbornadiene skeleton.  Such polymers will have 
cyclopentene backbones, and are expected show stiffer properties than corresponding 
linear backbones due to their rigid architecture, and as a result, the attaching 
functional groups are less likely to be covered by the backbone chain.  These 
polymers are synthesized by ROMP, which has attracted great attention in the field of 
homogeneous catalysis over the last the two decades in polymer chemistry as well as 
material chemistry. 
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The symmetric monomer of 2, 3-dicarbomethoxynorbornadiene 12 was 
polymerized by the second generation Grubbs’ catalyst at room temperature for 6 
hours. Testing the experimental protocol, different mole ratios between monomer and 
catalyst were adopted to investigate parameters on polymer and microstructure, such 
as yield, molecular weight, PDIs, trans- content and Td
5
. (Table 3.1) 
Generally, monomer 12 was polymerized by the first generation Grubbs’ catalyst 
33 in many researches, and the obtained polymer suffered the drawbacks about poor 
initiated rate, lower activity and incompatible nature with many functional groups.
 [32] 
Herein, ruthenium complex 35 with higher activity and higher tolerance of functional 
groups was adapted for ROMP of norbornadiene derivative 12 to become accessible. 












































1 20 86 0.36 0.66 0.71 1.32 100 182 
2 50 90 0.94 1.28 1.27 1.81 100 190 
3 100 91 1.89 2.46 1.74 1.84 100 226 
4 300 88 5.50 6.08 2.30 2.05 100 299 
5 1000 87 18.11 24.90 7.30 2.18 100 303 
6 2000 84 34.98 42.88 8.10 2.25 100 238 
a
 Isolated yield after reprecipitation. 
b
 Theoretical Mn, obtained by computational formula: 
molecular weight of monomer × [M]/[I] ×yield%. 
c
 Determined by 
1
H NMR (end group analysis 
method). 
d
 Determined by GPC with polystyrene standard. 
e





Temperature at 5% weight loss. 
Ruthenium complex 35 was dissolved in 2mL of CH2Cl2 under the exclusion of air 
and moisture, the ROMP was carried out at room temperature for 6 hours. 
Comparison with [RuCl2(p-cymene)]2 (p-cymene is 1-isopropyl-4-methylbenzene) 
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catalyst system under catalytic temperature 60-80°C, 
[26, 27]
 here exhibited lower 
temperature polymerization. Then reaction mixture was poured into a large volume 
methanol or cold hexane, for precipitating the poly (2, 3-dicarbomethoxy- 
norbornadiene) ploy-12. The obtained polymer was dried over under dynamic 
vacuum. All the obtained poly-12 was observed as monomodal molecular weight 
distributions with a much broader molecular weight distribution of 1.32 to 2.25 from 
the results of GPC. When the mole ratio between monomer and catalyst was the 
minimum value 20, the molecular weight distribution increased with the increase of 
mole ratio and achieved the maximum value 2.25. The high mole ratio resulted in 
unexpected living polymerization. The theoretical number-average molecular weight 
was from 3600 to 349800. The number-average molecular weight was much higher 
than theoretical value, which resulted by some interference and uncontrollable 
accuracy from 
1
H NMR spectra. The Mn from GPC results were compared to 
theoretical values, the correlation of them was rather poor, which depend on the 
nature of [Ru]-Ⅱin catalytic procedure. [33] It was implied from these results of 
molecular weight and molecular weight distribution that, with monomer of poly-12 
propagation rate is significantly faster than the initiation rate. This significant 
difference rate of propagation and initiation lead to poor initiation efficiency, the 
faster propagation rate was easy to form a ring of the polymer chain and occur to the 
situation of “backbiting reaction”. [34] In Nishihara group’s work, they used 1H NMR 
to monitor the consumption of monomers, also found the similar situation.
 [35]
 
Additionally, the broadening molecular weight distribution is attributed to this 
situation, caused by the propensity of the catalyst to achieve intramolecular 
“backbiting reaction” which involved the more reactive propagating chain end and 
double bond in the backbone of polymer. However, because of highly steric effect to 
shield the polymer chains, it has probably much less consequence in molecular weight 
distribution. Because of the highest yield, better weight distribution and economic 
savings, the mole ratio of [M]/[I] of 100 was elected for all of our subsequent 
polymerization. 
The result already has been confirmed that the ratio of endo- configuration of 
monomer is higher, the molecular weight is closer to the theoretical value and the 
molecular weight distribution is narrower. The molecular weight distribution of pure 
exo-monomer is near 1.7-1.9, but that of endo- monomer can reach about 1.2, and this 
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conversion of configuration leads to a living polymerization. 
[31]
 Depending on the 
widely accepted mechanism of ROMP using norbornene derivatives as monomers, the 
ruthenium-based catalysts approach the monomer from the exo-face of double bond. 
[36,37]
 The exo- and endo- configuration of substituents locate in opposite side of ring, 
the steric effect is not very obvious, but an electronic effect between endo- 
substitutents probably exists, which can increase or decrease the π donor capacity of 
double bond due to the slightly electron-rich in the endo- configuration. 
[31]
 An endo- 
configuration coordinates with Ru-metal carbene to form a bi- or tridentate ligand 
which hinders the propagation. On the contrary, in exo- configuration the functional 
groups are far from the Ru-metal carbene and have less obstacles to the end of the 
catalyst, which lead to smooth propagation procedure.The slow initiation rate resulted 
in the larger molecular weight and broad molecular weight distribution. We assumed 
that in the case of norbornadienes as monomers in ROMP, due to the steric effect of 
block substituent of ester groups, other side double bond is far from ester substituents 
and is partial to the bridge carbon, in addition the double bond of adjacent to ester 
substituent is rough rotation, bidentate ligands of ester groups are far from double 
bond and inclined to exo- configuration. Therefore, the molecular weight distribution 
is near 1.8 similar with exo- configuration of norbornenes monomers. The other 
evidence for this probable result is near 100% trans- content, the coordination 
between monomer and Ru- metal center always carried out the site which ester groups 
far from each other.  
A 5% weight loss temperature was observed for all polymers obtained by different 
[M]/[I] mole ratio at about 182-303°C. This temperature increased with the increase 
of [M]/[I] mole ratio. This result may be a consequence of increasing molecular 
weight and/ or tacticity but does not justify detailed analysis. When the mole ratio 
arrived at 2000, the 5% weight loss temperature was reduced to 238°C. The probable 
reason is too long chain of polymer to cause the decreasing thermostability of 
polymer with long-chain structure.   
The obtained poly-12 was able to dissolve in CHCl2, CHCl3 and THF, and 
precipitate in methanol, hexane and pentane. The stereochemistry around the double 
bond in polymer main chain was determined by integration of the appropriate signals 
in the 
1
H NMR spectra. (Figure 3.1) Referring to the reported results of the chemical 
shift for cis- 
[38]
 and trans- 
[39]
 structure in 
1
H NMR spectra, the peak at 5.40 ppm was 
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H NMR spectra (500 MHz, CDCl3) of monomer 12 and poly-12. The 
signal with an asterisk is due to the solvent and the contaminated water. 
determined a cis geometry. 
[40, 41]
 The obtained polymers with different [M]/[I] mole 
ratio had trans olefinic protons at 5.41 ppm, very little cis olefinic protons at 5.51 
ppm and methine protons at 3.95 ppm adjacent to trans double bonds in CDCl3. Those 
results indicate that the trans- structure (>99.9%) in the symmetric structure has much 
high stability than cis- structure in polymerization procedure. (Figure 3.2) Three 
different structures of norbornene 2, 3-dimethyl esters were employed to ROMP, the 
exo, exo- and the endo, endo-2, 3-dicarbomethoxy-5-norbornenes had a symmetry 
plane in those structures, and their ROMP was like poly-12. The endo, exo-diester 
lacked symmetry and existed as a pair of enantiomers. Its polymerization was 
expected to yield head-to-tail, tail-to-head, and head-to-head sequences in addition to 
the aforementioned possibilities. 
[27] 
Although the interactions between the ligand 
substituent and the substituents on the ruthenacyclobutane effect on the 
stereochemistry is still not clear, because of the steric congestion between the 
backbone of polymer or the coordinating monomers and the bulky N-heterocyclic 
carbene ligands in intermediate, trans- configuration has better thermal stability than 
cis configuration. Additionally, the double bond in cyclopentane obtained from the 
ROMP of norbornadienes provides a rough structure compared to that of norbornene, 
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H NMR spectra (500 MHz, CDCl3) of poly-12 at region of 5.41 ppm 
and 3.95 ppm methine protons with different [M]/[I] mole ratio (a) 20, (b) 50, (c)  




C NMR spectra (125 MHz, CDCl3) of monomer 12 and poly-12. The 
signal with an asterisk is due to the solvent. 
The full 
13
C NMR spectra of monomer 12 and poly-12 were shown in Figure 3.3. 
Carbon of double bond C2,3, C5,6 and bridge carbon C7 peaks displayed a fine 
conversion from norbornadiene structure to opening ring structure. Generally, the 
resonance of C7 is highly sensitive to the adjacent five-membered ring from relative 
orientation in norbornadiene monomers. The tacticity of polymer can be determined 
by C7 which may be present three broad signals near 38 ppm. 
[42]
 The results from 
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Schrock et al. showed that all cis- configure poly-12 had three clear resonance signals 
in a non-statistical fashion. 
[43]
 We obtained near all trans- configure poly-12 with the 
presence of only one sharp peak at 38.5 ppm. (Figure 3.3) Expanding the region of 
38.5 to 53.0 ppm in Figure 3.3 (a), there was no any small shoulder peaks, it was 
assumed that the triad signals had overlapping and the polymer was rear all-trans 
microstructure. 
3.3 Ring-opening metathesis polymerization of symmetric diesters 
with norbornadiene blackbone 
In order to probe the effect of alkyl size of substituents on polymerization, the 
symmetric norbornadiene diesters also as the starting materials in monohydrolysis 
were adopted in ROMP reaction.  The symmetric diesters of dimethyl (12), diethyl 
(13), dipropyl (15), diisopropyl (14), di-tert-butyl (17) were prepared by Diels-Alder 
reaction between cyclopenta-1, 3-diene and the corresponding dialkyl 
acetylenedicarboxylates. The yield of norbornadienes diester was decreasing with the 
rise size of ester groups. The corresponding dialkyl acetylenedicarboxylates were 
obtained by the presence of concentrated sulfuric acid to catalyze the potassium acid 
salt, particularly in the case of preparation of di-n-propyl (15) and diisopropyl (14), 
the yield of dipropyl acetylenedicarboxylates and diisopropyl acetylenedicarboxylates 
were very low about 60 and 45% for 4 days, respectively. Therefore, we adopted the 
p–toluenesulfonic acid monohydrate (PTAS) as a catalyst to reflux the reaction 
mixtures, and the yields of acetylenedicarboxylates were up to 80%. The monomers 
obtained were polymerized with [Ru]-Ⅱcomplex 35 in dry CH2Cl2 at room 
temperature using the mole ratio of [M]/[I] =100. In all case, the ROMP reactions 
were carried out for 6 hours before the macromolecular polymers were reprecipiated 
from cold n-hexane. The different kind of molecular weight and trans- content were 
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Me Poly-12 91 1.89 2.46 1.74 1.84 100 
Et Poly-13 86 2.03 3.84 1.93 1.62 100 
n
Pr Poly-15 84 2.22 5.25 2.35 1.70 94.2 
i
Pr Poly-14 86 2.27 5.56 2.15 1.70 92.6 
t
Bu Poly-17 77 2.25 6.57 2.60 1.50 76.2 
Comparison with dimethyl poly-12, the polymerization rate of diethyl poly-13 was 
only slight decrease, the yield decreased from 91% to 86%. The theoretical 
number-average molecular weight was from 18900 to 22500. The molecular weight 
determined by the end group analysis from 
1
H NMR was far greater than theoretical 
molecular weight. The number-average molecular weight was rather higher than 
theoretical value, which resulted by some interference and uncontrollable accuracy 
from 
1
H NMR spectra. But the increasing tendency of them was same. It was 
indicated that with the increased size of ester groups, the greater alkyl group had more 
interference to the protons of double bond coordinated with end groups in 
1
H NMR 
spectra. The molecular weight from the GPC analysis also increased with the 
increased size of the ester groups. The polydispersity had low down compared with 
dimethyl poly-12. As interesting results were found, based on GPC characterization, 
the observed molecular weight was close to the theoretical value. This molecular 
weight had an excellent fit with the calculated value, it was not defined the 
polymerization as the living nature, because the molecular weight distribution was 
still slight high. However, comparison with rather poor relation between theoretical 
value and observed value at different mole ratio [M]/[I], it was implied that the 
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molecular weight was still in a reasonable scope and under control with the mole ratio 
of 100.  
Figure 3.4 
1
H NMR spectra (500 MHz, CDCl3) of monomer 13 and poly-13. The 
signal with an asterisk is due to the solvent and the contaminated water. 
The obtained poly-13 was able to dissolve in CH2Cl2, CHCl3 and THF, and 
precipitate in hexane and pentane. Comparison with poly-12, poly-13 was able to 
dissolve in methanol, and therefore the reprecipitated solvent was cold hexane. The 
stereochemistry around the double bond in polymer main chain was determined by 
integration of the appropriate signals in the 
1
H NMR spectra. (Figure 3.4) The olefinic 
proton was observed as a sharp doublet was at 5.42 ppm, very little broad peak at 5.52 
ppm and the allylic proton was a singlet at 3.90 ppm, respectively. That was a trans 
microstructure (trans content>99.8%). 
Figure 3.5 
13
C NMR spectra (125 MHz, CDCl3) of monomer 13 and poly-13. The 
signal with an asterisk is due to the solvent. 





C NMR spectra of monomer 13 and poly-13 were shown in Figure 3.5. 
Carbon of double bond C2,3, C5,6 and bridge carbon C7 peaks displayed a fine 
conversion from norbornadiene structure to opening ring structure. We obtained all 
trans- configure poly-13 with the presence of only one sharp peak at 38.9 ppm. 
Expand the region of 38.9, there was no any small shoulder peaks, it was assumed that 




H NMR spectra (500 MHz, CDCl3) of monomer 15 and poly-15. The 
signal with an asterisk is due to the solvent. 
Then the size of the alkyl substituent continued to increase, 
poly-(2,3-dicarbopropoxynorbornadiene) was obtained. The yield was little decreased 
to 84% after 6 hours. The molecular weight distribution was also close to the 
theoretical value. The ratio of trans-/cis- for junctions between two adjacent 
cyclopentene units was near 16:1. In this polymerization, a small absorption peak at 
5.57 ppm for the cis- configuration was observed in CDCl3. (Figure 3.6) This ratio 
was based on the integration of the trans- and cis- olefinic proton absorption peak at  
5.48 and  5.57 ppm, respectively. Additionally, proton resonances of methine 
adjacent to cis- and trans- double bonds could also prove the existence of trans-/ cis- 
configuration, but as the absorption peak of methine was close to proton of methoxy 
group, it was difficult to pick out the attribution of trans-/ cis- proton. It was 
interesting to be noticed that the trans- olefinic resonance was at the high-field 
location relative to the corresponding cis- olefinic resonance. This was a completely 
opposite result to many reported research.
 [44-50] 
About this reversal of relative 
chemical shift from trans- and cis- configuration on olefinic protons was already 
reported. 
[51]
 The poly-(2,3-dicarbomethoxynorbornadiene) was compared with its 
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7-oxa analogue, and obtained the similar results. We will continue investigate other 
symmetric diesters about this reversal of relative chemical shifts. 
Figure 3.7 
13
C NMR spectra (125 MHz, CDCl3) of monomer 15 and poly-15. The 
signal with an asterisk is due to the solvent. 
The full 
13
C NMR spectra of monomer 15 and poly-15 were shown in Figure 3.7. 
Carbon of double bond C2,3, C5,6 and bridge carbon C7 peaks displayed a fine 
conversion from norbornadiene structure to opening ring structure. Based on the 
1
H 
NMR results, content of trans- configure poly-15 was 94.2%. According to the theory 
that had been confirmed, there were two small shoulder peaks of cis- configuration 
near the region of 38.9 ppm, but by expanding the region of 38.9 ppm, only the 
presence of one sharp peak at 38.9 ppm was observed. It was assumed that because of 
low content of cis- configuration, the triad signals was so small and broad that they 
were overlapping with each other. The other probable reason was that the scan time of 
20 min was not enough in characterization of 
13











H NMR spectra (500 MHz, CDCl3) of monomer 14 and poly-14. The 
signal with an asterisk is due to the solvent. 






C NMR spectra (125 MHz, CDCl3) of monomer 14 and poly-14. The 
signal with an asterisk is due to the solvent. 
When the size of alkyl substituent continued to increase, poly-(2, 3-dicarbo- 
isopropoxynorbornadiene) was obtained in 86% yield 6 hours, and the poly-14 lacked 
a stereoregular structure. Comparison with di-n-propyl poly-15, the yield of poly-14 
had a little increase. Generally, the yield is decreasing with the increase of size and 
steric hindrance of substituents. Diisopropyl poly-15 had a bigger steric hindrance 
than di-n-propyl poly-14, but length of carbon chain was less than poly-14, this was 
probable reason for the greater yield. At this time, there is no evidence to indicate that 
the stereoregular structure can increase the yield. The ratio of trans-/cis- for junctions 
between two adjacent cyclopentene units was near 13:1, the cis- content had a little 
increase than poly-14. In this polymerization, a small absorption peak at 5.57 ppm for 
the cis- configuration was observed in CDCl3. (Figure 3.8) This ratio was based on the 
integration of the trans- and cis- olefinic proton absorption peak at 5.46  and 5.57 
ppm, respectively. The reversal of relative chemical shift from trans- and cis- 
configuration on olefinic protons occurred in poly-14. The full 
13
C NMR spectra of 
monomer 14 and poly-14 were shown in Figure 3.9. Peaks of carbon of double bond 
C2,3, C5,6 and bridge carbon C7 displayed a fine conversion from norbornadiene 
structure to opening ring structure. There were two small shoulder peaks of cis- 
configuration at the region of 38.9 ppm observed when this region was expand.  





H NMR spectra (500 MHz, CDCl3) of monomer 17 and poly-17. The 
signal with an asterisk is due to the solvent. 
The poly (2,3-dicarbo-tert-butoxynorbornadiene) was obtained by a satisfactory 
yield of 77%. The tendency of yields was decreasing with the increase of the size of 
alkyl substituent. The observed molecular weight from GPC was close to the 
theoretical value. The molecular weight distribution reduced to 1.50. The ratio of 
trans-/cis- for junctions between two adjacent cyclopentene units was increasing to 
near 3:1, the 76.2% trans- content was calculated by the cis- configuration (5.54 ppm) 
and trans- (5.50 ppm) for olefinic proton resonances CDCl3. (Figure 3.10) The full 
13
C NMR spectra of monomer 17 and poly-17 were shown in Figure 3.11. Carbon of 
double bond C2,3, C5,6 and bridge carbon C7 peaks displayed a fine conversion from 
norbornadiene structure to opening ring structure. There were two small shoulder 
peaks of cis- configuration at the region of 38.9 ppm observed when this region was 
expand. 
From a series of observation and analysis of polymerization with symmetric diester 
substituents, we found that the yield of polymers was decreasing with the increase of 
alkyl size for 6 hours in CH2Cl2. Due to the propagation rate as significantly faster 
than initiation rate, there was the correlation between calculated molecular weight and 
observed values. The molecular weight distribution was at the range of 1.50-1.84. The 
trans- content was decreasing with the increase of alkyl size, and dimethyl poly-12 
and diethyl poly-13 was near all-trans configuration. The scan time of 
1
H NMR was 
more than 2.5h for the end group analysis, at same time the olefinic protons were 
observed clearly as a sharp doublet was at 5.42 ppm (trans- configuration) and little 
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broad peak at 5.52 ppm (cis- configuration), respectively. (Figure 3.12) Specially, the 
chemical shift of methine proton was very different with the reported results. 
Generally, absorption peak for methine protons adjacent to olefinic double bond were 
at near 3.64 and 3.47 ppm, and this chemical shift could also define the trans/cis 
structure.
 [26]
 But in our work, absorption peak of methine protons appeared as a 
doublet peak at near 3.9 ppm. Sometimes, the methine proton peak was close to the 
methoxy peak, and it was not determined the trans/cis structure. (Figure 3.12) It was 
also observed that with the increase of size of substituents, the absorption peak of 
methine protons shifted to highfield slightly. It was indicted that small size 
substituents of polymer was slightly electron-rich relative to bigger one. In 
13
C NMR 
spectroscope, the sensitivity of C7 often was determined the trans/cis structural 
variations. However, the signals of C7 which might be separated to three different 
signals caused by trans/cis structural variations, was invisible due to the overlapping 
between rr, rm or mm peaks. In addition, our signals were sharp in 
13
C NMR 
spectroscope, that’s because the polymers obtained were high trans- configuration, 
trans- signal was usually sharper and less sensitive to incipient splitting than cis- 
configuration. 
[52]
 Therefore, the ratio between trans/cis of polymers was determined 
by the olefinic proton in 
1
H NMR spectra in this work. 
Figure 3.11 
13
C NMR spectra (125 MHz, CDCl3) of monomer 17 and poly-17. The 
signal with an asterisk is due to the solvent. 


















Figure 3.12 The absorption peaks of olefinic protons and methine protons for a 
dimethyl poly-12, b diethyl poly-13, c di-n-propyl poly-15, d diisopropyl poly-14, e 
di-tert-butyl poly-17 in 
1
H NMR. 
  Consistent with the earlier researches about miscellaneous other substituted 
polymers, the cis- signal was at downfield orientation, which was contrary to trans- 
singal in 
1








The structure of polynorbornadiene with symmetric ester substituent was well-defined 
by the olefinic protons in 
1
H NMR and C7 in 
13
C NMR. It also was visible for C2,3, 
C5,6 and C8,9 in the down-field, and C1,4, C7 in the high-field. Based on many results 
from literature of metathesis polymerization, the allylic carbons adjacent to trans- 
olefinic double bond were deshielded relative to their cis- equivalents. 
[52]
 When the 
cis- content was increasing, it was observed small two small shoulder peaks of cis- 
configuration at the region of near 38.9 ppm. But those signals were not clear, and it 
might be short scan time (20 min). The environment of cis- signals was weaker and 
broader, and integration was less reliable. We therefore have focused attention on the 
olefinic protons in 
1
H NMR, after more than 2.5 hours scan times we can observed the 
signals of trans/cis protons and the end group protons. 
Muroran Institute of Technology, Jianjun Shi, December 2017 
86 
 
3.4 Esterification of half-esters and ROMP reaction of products from 
esterification 
In the second chapter, we introduced the monohydrolysis of symmetric diesters 
having norbornadiene (bicycle[2.2.1]hept-2,5-diene) skeletons. These symmetric 
diesters are converted to the corresponding half-esters by selective monohydrolysis 
we reported previously in good yields.  Norbornadiene derivatives are known to 
effectively undergo ring-opening metathesis polymerization (ROMP), because relief 
from the ring strain upon ring opening of the norbornene derivatives provides the 
necessary driving force for the polymerization.  Therefore, the series of symmetric 
diesters were subjected to the ring-opening metathesis reaction using the 
ruthenium-based 2
nd
 generation Grubbs catalyst, which is one of the most stable and 
readily available polymerization catalysts. 
 Here we applied such half-esters as well as the starting symmetric diesters to 
synthesis of a library of polymers. The polymers thus produced should have 
cyclopentene backbones, which are expected to exhibit stiffer properties and thus 
higher thermal stabilities than corresponding linear backbones due to their rigid 
architecture.  However, it was known that the ruthenium-based 2
nd
 generation 
Grubbs catalyst was sensitive with carboxylic group. After a long reaction time (more 
than 3 days), just trace polymer was obtained by 
1
H NMR spectra. This kind of 
polymers could not be prepared directly by half-esters as starting material. Half-esters 
thus obtained were first converted to various kinds of non-symmetric diesters by 
esterification of the carboxyl group in the presence of the corresponding alcohol and a 
Lewis acid.  
3.4.1 Esterification under PTSA as catalyst and ROMP of non-symmetric 
products from esterification 
In general, the common methods of esterification involve the presence of a catalyst 
such as concentrated sulfuric acid and PTSA (p-toluene sulfonic acid).
 [55-57]
 In most 
cases, large excess of corresponding alcohol is used in the condensation to obtain high 
yield of the desirable non-symmetric esters. Half-esters with carboxylic acid in the 
presence of PTSA and corresponding alcohol were extensively investigated by 
employing microwave energy.
 [58-63]
 So far, PTSA is the best catalyst to promote 





 However, although PTSA as catalyst was widely used in 
esterification and trans-esterification, there were seldom reports for esterification of 
norbornadiene structure. In both cases of using the smaller or greater amount of PTSA, 
the yield was reduced significantly.  
Table 3.3 Results of esterification based on PTSA as catalyst and benzyl alcohol 
 
  The results of esterification using PTSA and benzyl alcohol were shown in Table 
3.3. Half-ester 12a was esterified with reflux at 135°C in Dean-Stark trap. The 
products were both symmetric diester 49 and non-symmetric diester 48. The yield of 
non-symmetric diester 48 was increasing with the increase of benzyl alcohol and 
extending the reaction by 0.0125 equivalent of PTSA. The other product symmetric 
diester 49 was obtained more or less. It could not give an accuracy control to obtain 
just one product. When the reaction time was 36 hours and the equivalent of benzyl 
alcohol was 1.5, the yield of main product non-symmetric diester 48 reached the 
maximum value 77%. The reaction time and the equivalent of benzyl alcohol 
continued to be increased, the yield of diester 48 was decreasing, and the symmetric 
diester 49 became the main product when the reaction time was 72 hours and the 
equivalent of benzyl alcohol was 4.5. The esterification was carried out at both the 
carboxylic group and the ester group simultaneously. The carboxylic acid was 
component group for esterification, when the extending the reaction time and benzyl 
alcohol amount, the esterification continued to be carried out at ester group. 







1 24h 1.5 63 10 
2 24h 2.5 69 18 
3 36h 1.5 77 12 
4 48h 3.5 34 43 
5 72h 4.5 14 62 
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Table 3.4 Results of esterification based on PTSA as catalyst and isopropyl alcohol 
 
In order to explore the esterificaton with PTSA catalyst, the corresponding alcohol 
of isopropyl alcohol instead of benzyl alcohol, the esterification results were shown in 
Figure 3.4. We could receive the similar results, when the less reaction time and 
isopropyl alcohol equivalent, the main product was non-symmetric diester 50; 
increasing the reaction time and the equivalent of isopropyl alcohol, symmetric diester 
14 was main product. Esterification needed equilibrium shifting of volatile polar 
molecules such as corresponding alcohol, and the procedure of esterification was here 
very efficient. However, the acid-catalyzed esterificaton of half-ester with 
norbornadiene backbone had two different products. It was assumed that the 
carboxylic group was close to the ester group, and because of steric hindrance the 
stable configuration was two groups located the contrary face, it was available for 
catalyst to attack both groups at same time, only difference was more activity of 
carboxylic group. In addition, the double bond adjacent to the carboxylic acid and 
ester group was in favour of electron transport, this also lead to the esterification 




NO. Reaction time 
Equivalent 





1 24h 1.5 64 10 
2 24h 2.5 72 11 
3 36h 1.5 58 19 
4 48h 3.5 37 41 
5 72h 4.5 18 65 
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Table 3.5 ROMP of monomers of esterification products initiated by ruthenium 
complex 35 
 
The esterification products were polymerized by the ruthenium-based 2
nd
 
generation Grubbs catalyst in CH2Cl2 for 6 hours. The results were shown in Table 
3.5. The poly-48 was obtained by a satisfactory yield of 89%. Comparison with the 
symmetric dimethyl poly-12, the yield had a little decrease. The observed value of 
molecular weight (GPC) was much higher than theoretical value. The probable reason 
was the steric hindrance of benzyl group. The ratio of trans-/cis- for junctions 
between two adjacent cyclopentene units was decreasing to near 1.8:1, the 64.1% 
trans- content was calculated by the cis- configuration (5.37 ppm) and trans- (5.43 
ppm) for olefinic proton resonances in CDCl3. (Figure 3.13) This result was 
significantly different with the symmetric dimethyl poly-12. First the signals of trans- 
configuration located at down-field and cis- configuration at high-field, which is 
consistent to the common results. Next, the rate of cis- (36%) was increasing to a 
great extent, relative to the near all-trans configuration symmetric dimethyl poly-12. 
It was indicated that the non-symmetric substituents or bulk mass of benzyl group 
affected the microstructure of polymer. The full 
13
C NMR spectra of monomer 48 and 
poly-48 were shown in Figure 3.14. Carbon of double bond C2,3, C5,6 and bridge 
















poly-48 89 2.53 1.99 4.18 1.85 64.1 
poly-49 87 3.14 4.56 6.07 1.85 91.4 
poly-50 86 2.03 2.93 2.27 1.70 58.3 
poly-14 86 2.27 5.56 2.15 1.70 92.6 
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carbon C7 peaks displayed a fine conversion from norbornadiene structure to opening 










H NMR spectra (500 MHz, CDCl3) of monomer 48 and poly-48. The 











C NMR spectra (125 MHz, CDCl3) of monomer 48 and poly-48. The 
signal with an asterisk is due to the solvent. 
 The symmetric poly-49 was obtained by a satisfactory yield of 87%. Comparison 
with the symmetric dimethyl poly-12 and non-symmetric poly-48, the yield had a 
little decrease. The bulk mass of benzyl group might have a slight affection on yield. 
The observed value of molecular weight (GPC) was much higher than theoretical 
value (about 2 times). The ratio of trans-/cis- for junctions between two adjacent 
cyclopentene units was increasing to near 11:1, the 91.4% trans- content was 
calculated by the cis- configuration (5.49 ppm) and trans- (5.40 ppm) for olefinic 
proton resonances CDCl3. (Figure 3.15) This result was similar to the symmetric 
dimethyl poly-12. The full 
13
C NMR spectra of monomer 49 and poly-49 were shown 
in Figure 3.16. Carbon of double bond C2,3, C5,6 and bridge carbon C7 peaks displayed 
a fine conversion from norbornadiene structure to opening ring structure.  













H NMR spectra (500 MHz, CDCl3) of monomer 49 and poly-49. The 




C NMR spectra (125 MHz, CDCl3) of monomer 49 and poly-49. The 
signal with an asterisk is due to the solvent. 
Composite results of dimethyl poly-12, poly-48 and poly-49, the bulk mass of 
benzyl group slightly decreased the yield and small size of methyl received the 
highest yield. At the same time, the molecular weight of both poly-48 and poly-49 
were much higher than the theoretical value. The molecular weight distribution 
among of them was similar. The significant difference was the rate of tran/cis content. 
In symmetric polymers, the absorption peak of trans- configuration located at 
high-field and that of cis- configuration at down-field in 
1
H NMR spectra. (Figure 
3.17) And the ratio of cis- configuration for junctions between two adjacent 
cyclopentene units was increasing significantly. Here we also could not find the 
definite signals of methine for cis- and trans- configuration. In 
13
C NMR spectra, the 
signals of non-symmetric poly-48 were broader than other high-trans polymers, and 
three small and broad signals near 38.9 ppm for cis- configuration were observed. 
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Although benzyl group is a fine protecting group for carboxy group and has high 
activity to remove easily, the difference of microstructure between symmetric and 
non-symmetric polymers which caused by steric hindrance of bulky mass or the active 
chemical properties of aromatic group was still not determined clearly. Therefore here 














Figure 3.17 The absorption peaks of olefinic protons and methine protons for 
poly-12, poly-48 and poly-49 in 
1
H NMR 
Because of lower symmetrical degree and the size of linear alkyl substituents, 
polymerization of non-symmetric monomer 50 for exploration of the microstructure 
of polymer was of great significance. The poly-50 was obtained by the same yield of 
86% with the diisopropyl poly-14. Comparison with the symmetric dimethyl poly-14, 
they had similar yield and molecular weight distribution. Their molecular weight was 
close to the theoretical value. The significant distinction was the ratio of trans-/cis- 
for junctions between two adjacent cyclopentene units, the symmetric polymer 
poly-14 had near all-trans configuration, but the cis- configuration ratio of 
non-symmetric polymer poly-50 was 41.7%, the rate of trans/cis content was 1.4:1. 
Similar structure of those two polymers had but different symmetry, lead to a deal of 
difference of trans/cis configuration. The trans- content was calculated by the cis- 
configuration (5.41 ppm) and trans- (5.45 ppm) for olefinic proton resonances CDCl3. 
(Figure 3.18) The signals of trans- configuration located at down-field and cis- 
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configuration at high-field, which is consistent to the common results. The full 
13
C 
NMR spectra of monomer 50 and poly-50 were shown in Figure 3.19. Carbon of 
double bond C2,3, C5,6 and bridge carbon C7 peaks displayed a fine conversion from 
norbornadiene structure to opening ring structure. The signal of C7 was a narrow 





H NMR spectra (500 MHz, CDCl3) of monomer 50 and poly-50. The 




C NMR spectra (125 MHz, CDCl3) of monomer 50 and poly-50. The 
signal with an asterisk is due to the solvent. 
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3.4.2 Esterification under MgCl2 as catalyst and ROMP of non-symmetric 
products from esterification 
  Esterification was carried out under PTSA as catalyst and the products were both 
symmetric and non-symmetric diesters, benzyl group was a fine protecting group for 
carboxyl group and had high activity to remove easily. Although the main product 
could be controlled by the equivalent of corresponding alcohol and reaction time, 
those two products had similar structure which led to a long time separation by 
silica-gel column chromatography. The polymer with the benzyl substituent had 
higher molecular weight compared with theoretical and broad molecular weight 
distribution. Therefore we want to explore one method for esterification with the 
single product, while the substituents were bulky mass of alkyl groups such as tertiary 
butyl to intead of benzyl groups.  
  The methods of esterification have already been reported based on divalent metal 
chloride, and received single product in high yields. 
[65-69]
 The esterification was 
carried out under the weak Lewis acid magnesium chloride (MgCl2) and dicarbonate 
(Eoc2O), which were very low costs and less toxicity and not lead to environmental 
contamination.  The esterification between half-ester with norbornadiene backbone 
and di-tert-butyl dicarbonates [(
t-
BuOCO)2O] was carried out in the presence of weak 
Lewis acid MgCl2 and corresponding 
t-
BuOH as the solvent. The products of 
non-symmetric diesters with bulky mass of tertiary butyl as protected group were 













  The main procedure of the esterification mechanism relates to an intermolecular 
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attack of the released tertiary butanol 58 onto the carbonyl moiety of activated 
anhydride 59, and if high amounts of anhydride exist and are detected, the rate of this 
attack is slow. Hence, the intermediate of carboxylic carbonyl of mixed anhydride 57 
launches nucleophilic attack rather slower than the attack of a second molecule of 
acid, because it has the same steric requirements as the attack of carbonyl 60. As a 
consequence, half-esters with norbornadiene backbone cannot cause the attack of 
tertiary butanol 58 to the activated mixed anhydride 57, but only from decomposition 
of carboxylic anhydride 59. 
[70]












Scheme 3.12 The mechanism of esterification 
After esterification, based on MgCl2 as catalyst and corresponding di-tert-butyl 
dicarbonates [(
t-
BuOCO)2O], the non-symmetric diesters with tert-butyl ester 
substituents were obtained in high yield. The purification procedure was a very easy 
silica gel column chromatography due to the volatile or water soluble byproducts. The 
yield of non-symmetric diester was decreasing with the increase of substituent size. 
The big size of alkyl substituents had inhibition to the nucleophilic attack of 
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poly-51 91 2.28 6.15 2.52 1.73 52.4 
poly-52 87 2.30 6.55 2.93 1.23 50.7 
poly-53 84 2.33 8.24 3.27 1.86 48.5 
poly-54 89 2.48 7.94 3.31 1.49 47.4 
Then the non-symmetric diesters were polymerized by the ruthenium-based 2
nd
 
generation Grubbs catalyst in CH2Cl2 for 6 hours at room temperature. The results 
were shown in Table 3.6. The yields of polymers were decreasing with the size of 
alkyl in ester substituent. That was the same as previous results, and the steric 
hindrance of bukyl mass decreased the yield of polymer. Only the yield of polymer 
poly-54 had a little increase. It was assumed that the isopropyl ester group and 
tert-butyl ester group were composed of subsituents of polymer, the symmetry of this 
structure was a little higher than other structures, which led to the greater increasing 
yield. The theoretical number-average molecular weight was from 22800 to 24800. 
The number-average molecular weight analyzed by end group analysis was far higher 
than theoretical value, which resulted by some interference and uncontrollable 
accuracy from 
1
H NMR spectra. The molecular weight, based on the GPC, was closer 
to the theoretical value than the polymers with the benzyl ester substituent. From this 
point about protecting groups between benzyl group and tert-butyl group, the 
polymerization of monomer with tert-butyl ester substituent had less and closer to the 
theoretical molecular weight. Therefore linear bulky mass tert-butyl as protected 
Muroran Institute of Technology, Jianjun Shi, December 2017 
97 
 
group had its advantages to aromatic groups. The molecular weight distribution had 
larger range from 1.23 to 1.86, and no certain rule and tendency could be followed in 
these results. The molecular weight distribution of 1.23 from polymer poly-52, these 
results meant a living polymerization. However, based on the nature of 
ruthenium-based 2
nd
 generation Grubbs catalyst, this result could not be controlled.  
Figure 3.20 
1
H NMR spectra (500 MHz, CDCl3) of monomer 51 and poly-51. The 
signal with an asterisk is due to the solvent and the contaminated water. 
After esterification under the weak Lewis acid magnesium chloride (MgCl2) and 
dicarbonate (Eoc2O), the obvious conversion was one high singlet signal of tert-butyl 
group at 1.4 ppm in 
1
H NMR spectra. (Figure 3.20) That meant that the synthesis of 
esterification based on weak Lewis acid MgCl2 was an efficient method, as the 
product of diester with tert-butyl group was very clear. The obtained poly-51 was able 
to dissolve in CH2Cl2, CHCl3 and THF, and precipitate in hexane and pentane. The 
stereochemistry around the double bond in polymer main chain was determined by 
integration of the appropriate signals in the 
1
H NMR spectra. (Figure 3.20) The 
non-symmetric polymer poly-51 demonstrated classical structure information about 
mixed trans/cis- configuration. The polymers poly-51 obtained had trans olefinic 
protons at 5.51 ppm, cis olefinic protons at 5.40 ppm and methine protons at 3.90 ppm 
in CDCl3. The trans- content was 52.4%. This percentage indicated that the ratio of 
trans- and cis- was near 1:1. Although the interactions between the ligand substituent 
and the substituents on the ruthenacyclobutane effect on the stereochemistry was still 
not clear, because of the steric congestion between the backbone of polymer or the 
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coordinating monomers and the bulky N-heterocyclic carbene ligands in intermediate, 
trans- configuration has better thermal stability than cis configuration. This result was 
implied that one probable reason was the active center metal carbene attacked both 
the exo-face and endo-face in the same chance in the ring-opening procedure; the 
other probable reason was due to the steric hindrance or increased stability of cis- 
configuration, the configuration might be deflected in the procedure of chain 
propagation for a tendency to more stable chain structure and reducing the resistance 
between molecular of polymer chain. Therefore, the ratio between trans/cis content 
was 1:1.  
Figure 3.21 
13
C NMR spectra (125 MHz, CDCl3) of monomer 51 and poly-51. The 
signal with an asterisk is due to the solvent. 
The full 
13
C NMR spectra of monomer 51 and poly-51 were shown in Figure 3.21. 
The signal of C11 and C12,13,14 of tert-butyl alkyl appeared also proved the efficient 
esterification under catalyst of MgCl2. Carbon of double bond C2,3, C5,6 and bridge 
carbon C7 peaks displayed a fine conversion from norbornadiene structure to opening 
ring structure. The resonance of sensitive C7 had triad signals at 38.5 ppm, this result 
demonstrated the cis microstructure. 
After esterification the yield of polymer poly-52 had a little decrease compared 
with poly-51. The trans- content was decreased to 50.7%, the cis- content was 
continuously increased and the ratio of trans/cis content reached to 1:1. In 
1
H NMR 
spectra the obvious conversion was one high singlet signal of tert-butyl group at 1.4 
ppm. (Figure 3.22) The polymers poly-52 obtained had trans olefinic protons at 5.50 
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ppm, cis olefinic protons at 5.42 ppm and methine protons at 3.92 ppm in CDCl3.  
Figure 3.22 
1
H NMR spectra (500 MHz, CDCl3) of monomer 52 and poly-52. The 
signal with an asterisk is due to the solvent. 
The full 
13
C NMR spectra of monomer 52 and poly-52 were shown in Figure 3.23. 
The signal of C11 and C12,13,14 of tert-butyl alkyl appeared also proved the efficient 
esterification under catalyst of MgCl2. Carbon of double bond C2,3, C5,6 and bridge 
carbon C7 peaks displayed a fine conversion from norbornadiene structure to opening 
ring structure. The resonance of sensitive C7 had triad signals at 38.9 ppm, this result 
demonstrated the cis microstructure.  
Figure 3.23 
13
C NMR spectra (125 MHz, CDCl3) of monomer 52 and poly-52. The 
signal with an asterisk is due to the solvent. 
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  Then continuing to increasing the size of alkyl group, the symmetric diester 
monomer 53 was obtained in high yield. One high singlet signal of tert-butyl group at 
1.4 ppm was observed in 
1
H NMR spectra. (Figure 3.24) For the increased size of 
substituent the weak Lewis acid magnesium chloride (MgCl2) and dicarbonate (Boc2O) 
were also efficient in esterification. The monomer 53 was polymerized by [Ru]-Ⅱ in 
CH2Cl2. The yield of 84% was satisfactory result, and the molecular weight was close 
to the theoretical value. The trans- content was decreased to 48.5%, the cis- content 
was continuously increased. The polymers poly-53 obtained had trans olefinic 












H NMR spectra (500 MHz, CDCl3) of monomer 53 and poly-53. The 
signal with an asterisk is due to the solvent. 
The full 
13
C NMR spectra of monomer 53 and poly-53 were shown in Figure 3.25. 
The same signals appeared at 81.82 ppm (C11) and 28.12 (C12,13,14) proved the 
tert-butyl alkyl structure in monomer 53 and poly-53. Carbon of double bond C2,3, 
C5,6 and bridge carbon C7 peaks displayed a fine conversion from norbornadiene 
structure to opening ring structure. The resonance of sensitive C7 had triad signals at 
39.2 ppm, this result demonstrated the sensitive C7 for cis microstructure.  






C NMR spectra (125 MHz, CDCl3) of monomer 53 and poly-53. The 
signal with an asterisk is due to the solvent. 
Figure 3.26 
1
H NMR spectra (500 MHz, CDCl3) of monomer 54 and poly-54. The 
signal with an asterisk is due to the solvent. 
The monomer 54 had esterification under the weak Lewis acid magnesium chloride 
(MgCl2) and dicarbonate (Boc2O). The new diester with tert-butyl group was obtained 
in high yield. One high singlet signal of tert-butyl group was observed at 1.4 ppm in 
1
H NMR spectra. (Figure 3.26) The synthesis of esterification based on weak Lewis 
acid MgCl2 was an efficient method, as the product of diester was very clear. About 
esterification products, the yield of monomer 54 was a little higher than monomer 53. 
The substituent with linear alkyl group had less activity than branched alkyl group 
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with the same carbon number. The monomer 54 was polymerized under the 
[Ru]-Ⅱcatalyst, and the non-symmetric polymer poly-54 was obtained. The abnormal 
increase of yield was due to higher symmetry than others three polymers. The 
stereochemistry around the double bond in polymer main chain was determined by 
integration of the appropriate signals in the 
1
H NMR spectra. (Figure 3.26) The 
polymers poly-54 obtained had trans olefinic protons at 5.50 ppm, cis olefinic protons 
at 5.45 ppm and methine protons at 3.94 ppm in CDCl3. The trans- content was 
47.4%. The cis- content of poly-54 was higher than trans- content.  
The full 
13
C NMR spectra of monomer 54 and poly-54 were shown in Figure 3.27. 
The same signals appeared at 81.85 ppm (C11) and 28.21 (C12,13,14) proved the 
tert-butyl alkyl structure in monomer 54 and poly-54. Carbon of double bond C2,3, 
C5,6 and bridge carbon C7 peaks displayed a fine conversion from norbornadiene 
structure to opening ring structure. The resonance of sensitive C7 had triad signals at 




C NMR spectra (125 MHz, CDCl3) of monomer 54 and poly-54. The 
signal with an asterisk is due to the solvent. 
The non-symmetric polymers showed a very different microstructure with 
symmetric polymers. In the results of 
1
H NMR, the signal of trans- configuration 
located at down-field and cis- configuration at high-field in non-symmetric polymers. 
(Figure 3.28) The methine protons at near 3.8 ppm associated with trans/cis 
configuration, and it was not clear to determine two different protons in the region. 
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The symmetric polymers had the contrary results. Generally speaking, using the 
ruthenium-based catalyst system only leads to the all-trans configuration. 
[71]
 The 
feature of this catalyst system was rather high isotactic bias polymers. The results 
could be referenced for probing the polymer with ester subtituents only involving the 
symmetric diester substituents, here we observed the polymerization of 
non-symmetric polymers with different ester substituents. The reasonable 
interpretation of tacticity was still not clear at the molecular level using 
1
H NMR and 
13
C NMR. The main reason was about difficulty to measure the initiating and 
propagating species. The speed of catalyst formed active precursor and attacked the 
monomer in situ was very fast and completed this procedure in short time. Therefore 
the clear distribution of substituent around the metal carbene was difficult to seize. 
The procedure about formation of metal carbene and monometallic ruthenium could 
be evidenced by NMR. 
[72,73]
 Then based on the stable N-heterocyclic carbene, the 
arene ligand was triggered the decoordination and chelation of monomer was formed 
at same time. 
[74] 
From the reported results, the trans- configuration was associated 
with isotacticity and minority of cis- configuration was associated with syndiotactic. 
[28,29]
 The most important procedure for achieving a high catalytic efficiency was the 
coordination between ester and metal carbene. If this coordination became difficult or 
could not yield, the yield of polymer obtained and stereoregularity were all altered.
 [5] 
And the bulky mass of ester substituents affected the ratio of trans/cis and tacticity. 
The second norbornadiene with ester subsstituents molecular might add to the vacant 
coordination site with cis unit and formed metal active intermediate. 
[75]
 Therefore the 
exo-face of monomer can be easily attacked on the unsubstituted C=C. Because of 
electrophiles the exo-face had higher reactivity and endo-face remained inert, which 



























Figure 3.28 The absorption peaks of olefinic protons and methine protons for poly-51, 
poly-52, poly-53 and poly-54 in 
1
H NMR 
3.5 Selective deprotection reaction of polymers with tert-butyl alkyl 
as protected group. 
In the second chapter, we introduced the monohydrolysis of symmetric diesters 
having norbornadiene (bicycle[2.2.1]hept-2,5-diene) skeletons. The half-esters were 
obtained in yields. However, it was known that the ruthenium-based 2
nd
 generation 
Grubbs catalyst was sensitive with carboxylic group. After long reaction time (more 
than 3 days), just trace polymer was obtained by 
1
H NMR spectra. This kind of 
polymers could not be prepared directly by half-esters as starting material. Here 
half-esters were converted to various kinds of non-symmetric diesters by esterification 
in the presence of the corresponding alcohol and a Lewis acid. The polymers with 
linear tert-butyl ester substituent were used to carry out deprotected reaction to 
cleavage the tert-butyl group. 
Due to the non-symmetric polymers containing two different ester groups, in order 
to avoid the cleavage of both two ester groups, the mild and selective method was 
considered first. The chromatography grade SiO2 is a kind of weak Lewis acid in 
reaction, the tert-butyl ester groups have cleavage in refluxing toluene by SiO2 as 
catalyst and corresponding carboxylic acid was obtained in high yields. 
[80,81]
 The 
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polymer poly-51 and SiO2 were dissolved in toluene, and the mixture solution was 
refluxed with vigorous stirring for 12h. (Scheme 3.13) After 12 hours reflux, the 
reaction mixture was difficult to separate. The 
1
H NMR was applied for the ratio of 
products, but we found that only 2% of deprotected product was obtained. Although 
SiO2 is a novel catalyst alternative for the tert-butyl ester groups and under this 
conditions the functional groups were more useful, this catalyst was not suitable for 






Scheme 3.13 The deprotected reaction for SiO2 promoted cleavage of polymer with 
tert- butly ester groups. 
  The efficient method about weak Lewis acid iodine was reported for deproected 
reaction. 
[82-87]
 For conversions of functional ester groups, iodine was a mild and 
convenient catalyst for selective hydrolysis of different kinds of tert-butyl esters. The 
polymer poly-51 was dissolved in CH2Cl2 and 30mol% iodine was added into the 
solution, then trace distilled water was added, the reaction mixture refluxed for 20 
hours. (Scheme 3.14) After 20 hours reflux, the polymer obtained was reprecipitated 3 
times in hexane, only 12% yield was received. Molecular iodine was mild, selective 
and novel catalyst for alternation of tert-butyl esters especially in the presence of 
N-Boc group. 
[88]







Scheme 3.14 The deprotected reaction for iodine promoted cleavage of polymer 
with tert- butly ester groups. 
  So far the efficiency of deprotected reaction using weak Lewis acid as catalyst 
was not satisfactory, and weak Lewis acid led to difficult separation and low yield. 
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The deprotection reaction conditions of polymers were explored under strong Lewis 
acid. Robert and his group reported that the tert-butyl group was removed using 
trifluoroacetic (TFA) as catalyst, and yielded poly (acrylic acid) on side chains. 
[89] 
The deprotected copolymers underwent a hydrolysis reaction in presence of TFA 
using based on the different pH value. The protecting group of tert-butyl was removed 
by the TFA with the ratio 1:1 between copolymer and TFA in anhydrous CH2Cl2 at 
room temperature for 3 hours under an N2 atmosphere. (Scheme 3.15) The linear poly 
(acrylic acid) obtained was characterized by both Ubbelohde and Ostwald viscometer. 
The controlled deprotected copolymers were essential in biomaterials.   
 
Scheme 3.15 The deprotected reaction of copolymer under TFA as catalyst 
Stubenrauch et al. reported a block copolymer with well-defined self-assemable 
structure. 
[90]
 This structure has not only scientific value but also for a potential 
nanotechnology material. The copolymer was dissolved in CH2Cl2 and TFA was 
added with the ratio of 1:20 to remove the tert-butyl group. (Scheme 3.16) After 
cleavage of tert-butyl group, amphiphilic block copolymers were obtained in high 
yield. 
Morandi et al. reported well-defined graft copolymers which polymerized by atom 
transfer radical polymerization (ATRP) and ROMP reaction. 
[91]
 An amphiphilic 
water-soluble bulk copolymer was obtained by TFA as catalyst. (Scheme 3.17) This 
copolymer had α-cyclobutenyl polystyrene-β- poly(acrylic acid) macrostructure, and 
employed in emulsion as stabilizer. In this work, the ratio between TFA and tert-butyl 
acrylate units was 5:1. 














Scheme 3.17 The deprotected reaction of copolymer under TFA as catalyst 
Here we chose the TFA as catalyst to apple in deprotected reaction for cleavage the 
tert-butyl units. The polymers with different two ester substituents were dissolved in 
8mL of CH2Cl2 and trifluoroacetic acid (20 equiv. according to tert-butyl units) was 
added to remove the protecting group. The reaction mixture was allowed to stir at 
ambient temperature. The solvents were removed under reduced pressure and the 
solid was dissolved in THF and precipitated in cold pentane. The product was 
collected and dried overnight under vacuum 40°C. The results of the deprotected 
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68 Me 87.4 18 100 5.81 100 
69 Et 82.4 18 100 6.50 100 
70 
n
Pr 80.0 18 100 7.75 100 
71 
i
Pr 77.5 18 100 7.60 100 
  The tert-butyl group of polymers was cleaved in the presence of TFA to 
transform into amphiphilic block polymers. This deprotected reaction was selective 
and carried out completely. The most deprotected reaction under TFA was applied in 
copolymer, and the monomers involved both dimethyl ester 12 and di-tert-butyl ester 
17. However, the influence of the other different size ester substituent on the reaction 
was seldom considered. Due to both two different monomers with the symmetric 
structure, the interaction of different size of substituent with structure was omitted. 
The non-symmetric structure of polymers had advantage to these studies in our work. 
The yield of polymer obtained was decreasing with the increase of substituent size. 




H NMR spectra (500 MHz, acetone-d6) of poly-51 and poly-68. The 
signal with an asterisk is due to the solvent. 
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It took deprotected polymer 68 as example in 
1
H NMR spectrum. (Figure 3.29) The 
polymer 68 was difficult to dissolve in CH2Cl2, could dissolve in DMSO and acetone. 
Due to the non-volatility and high boiling point of DMSO, the polymers recovered 
from solvent hardly and we applied acetone as solvent.  The polymer poly-51 was 
cleaved the in the presence of TFA. It was observed in 
1
H NMR spectrum, the signal 
of tert-butyl group protons at 1.4 ppm was disappeared, and the signal of methyl 
protons at 3.89 ppm was remained same. A broad and small signal appeared at 1.4 
ppm for the one of bridge proton in the cyclopentane ring. Based on the results of 
1
H 
NMR spectrum, the tert-butyl group was cleaved completely and the acidification 
degree was near 100%. The cleavage only carried out at position of tert-butyl group, 
and the other ester group did not have reaction. The catalyst of TFA had a better 
selectivity in deprotected reaction. In addition, a narrow and high singlet appeared at 
1.18ppm, it was a classical signal of tert-butyl protons. Then we reprecipitated the 
polymer 68 with hexane, pentene and CH2Cl2 successively. But this signal always 
could be observed at 1.18 ppm. Then we checked the results of 
13
C NMR spectra, 
extending the region of 30.72 and 68.13 ppm, and two small signals could be found 
for tert-butyl alcohol which was from the other product. The probable reason was  
when tert-butyl alcohol generated in reaction, trace tert-butyl alcohol had interaction 
with polymer, and this weak interaction was probable hydrogen bond due to active 




C NMR spectra (125 MHz, acetone-d6) of poly-51 and 68. The signal 
with an asterisk is due to the solvent. 





C NMR spectra of poly-51 and 68 were shown in Figure 3.30. Although 
the signals of tert-butyl group and the solvent of acetone-d6 were at the same region, it 
was difficult to separate them clearly. The carbon C11 disappeared to determine that 
the tert-butyl group was cleaved and the deprotected reaction carried out completely. 
The other difference between poly-51 and polymer 68 was the distance of C8 and C9, 
C5 and C6 was rather close. The reason was ambiguous about this. Carbon of double 
bond C2,3, C5,6 and bridge carbon C7 peaks displayed a fine conversion from 
norbornadiene structure to opening ring structure.  
The deprotected polymer was amphiphilic block, and the carboxyl group was 
sensitive with the column material, and the molecular weight determined by GPC was 
not measured. Here molecular weight was determined by the end group analysis. A 
quite meaningful and astonishing result was obtained, as only the signal of trans- 
configuration was observed at 5.4 ppm in 
1
H NMR spectrum and the structure of 
deprotected polymer was all-trans configure regardless the size of substituents. Before 
the deprotected reaction, the trans/cis configuration of polymers was near 1:1. The 
attack from TFA caused the configuration conversion, and with carboxylic acid group 
the trans- configuration was more stable structure for polymers regardless the size of 
the other ester group. There was not enough evidence for this configuration 
conversion.  
3.6 Summary 
Half-esters, which are typically prepared by desymmetrization of symmetric 
diesters, are versatile building blocks in organic synthesis. Diesters having 
norbornadiene (bicycle[2.2.1]hept-2,5-diene) skeletons afforded the corresponding 
half-esters in near quantitative yields.  Norbornadiene derivatives are known to 
effectively undergo ring-opening metathesis polymerization (ROMP), because relief 
from the ring strain upon ring opening of the norbornene derivatives provides the 
necessary driving force for the polymerization. Therefore, here we applied such 
half-esters as well as the starting symmetric diesters to synthesis of a library of 
polymers.  The polymers thus produced have cyclopentene backbones, which are 
expected to exhibit stiffer properties and thus higher thermal stabilities than 
corresponding linear backbones due to their rigid architecture.   
Half-esters thus obtained were first converted to various kinds of non-symmetric 
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diesters by esterification of the carboxyl group in the presence of the corresponding 
alcohol and a Lewis acid.  These non-symmetric and symmetric diesters were 
subjected to the ring-opening metathesis reaction using the ruthenium-based 2
nd
 
generation Grubbs catalyst, which is one of the most stable and readily available 
polymerization catalyst. A precise, controlled, and efficient methodology was 
described, which using Grubbs’ 2nd generation catalyst based on living ROMP. 
Polynorbornadienes bearing various ester and carboxyl group were obtained in high 
yeilds. We introduced tert-butyl ester as a protection group for the acid functionalities 
to guarantee a reproducible synthesis and the obtained polymer had both lyophilic and 
lyophobic pendant groups. 
3.7 Experimental section  
General experimental conditions 
All reagents and solvents, unless otherwise stated, were purchased from 
commercial companies, and were used directly without further purification. Melting 
points were measured on a Micro Melting Point Apparatus (Yanaco MP-500D) and 
were uncorrected. NMR spectra were recorded at 298K using a Varian Unity Plus 500 





frequencies of 75.5, 126, or 15 MHz, respectively). Gel permeation chromatography 
(GPC) analyses were carried out with JASCO HPLC system equipped with an RI 
detector using CHCl3 as an eluent at a flow rate of 1.0 mL/min, with a Tosoh 
MultiporeHXL-M column. Molecular weights and molecular weight distributions 
were estimated on the basis of the calibration curve obtained by polystyrene standards.  
GC analyses were performed on a SHIMADZU GC-14A equipped with a flame 
ionization detector using Shimadzu Capillary Column (CBP1-M25-025) and 
Shimadzu C-R6A-Chromatopac integrator. Infrared spectra were recorded on a 
Shimadzu IRPrestige-21 spectrophotometer. 
 
Synthesis of ring-opening metathesis polymerization with symmetric monomers  
To a solution of monomer (0.24mmol) in anhydrous dichloromethane (2.0mL) was 
added Grubbs catalyst 2
nd
 generation (0.0025mmol) in anhydrous dichloromethane 
(1.0mL) at room temperature under a N2 atmosphere protected. The reaction mixture 
was stirred for 6h at room temperature, and then quenched with ethyl vinyl ether 
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(0.14mmol), and stirred 60min.The reaction mixture was slowly added to vigorously 
stirring a large amount of methanol or cold hexane. After reprecipitation the obtained 





Polymer poly-12. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.41 (d, 2H, 
=CH), 3.94 (br, 2H, =CHCH), 3.74 (s, 6H, OCH3), 2.50 and 1.44 (m, 2H,CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 38.85 (-CH2-), 44.34 (C=C-CH), 52.25 (CH3), 





Polymer poly-13. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.45 (br, 2H, 
=CH), 4.20 (q, 4H, OCH2-CH3), 3.95 (br, 2H, =CHCH), 2.50 and 1.44 (m, 
2H,CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 14.21 (CH3), 38.94 (-CH2-), 44.46 





Polymer poly-15. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.57 and 5.43 
(br, 2H, cis and trans =CH), 4.06 (m, 4H, OCH2-CH2), 3.94 (d, 2H, =CHCH), 2.50 
and 1.44 (m, 2H, CHCH2CH), 0.91 (t, 6H, CH3); 
13
C NMR (125 MHz, CDCl3) δ= 
10.56 (CH3), 21.92 (-CH2-CH3), 38.93 (-CH2-), 44.48 (C=C-CH), 66.73 (OCH2), 





Polymer poly-14. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.57 and 5.46 
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(br, 2H, cis and trans =CH), 5.29 (m, 2H, OCH(CH3)2), 3.91 (d, 2H, =CHCH), 2.50 
and 1.23 (d, 12H, OCH(CH3)2); 
13
C NMR (125 MHz, CDCl3) δ= 21.92 (CH3), 39.21 






Polymer poly-17. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.54 and 5.50 
(br, 2H, cis and trans =CH), 3.84 (d, 2H, =CHCH), 2.50 and 1.48 (m, 2H, CHCH2CH), 
1.45 (s, 18H, OC(CH3)3); 
13
C NMR (125 MHz, CDCl3) δ= 28.34 (C(CH3)3), 39.75 






Polymer poly-49. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 7.22 (t, 10H, 
C6H5), 5.49 and 5.40 (br, 2H, cis and trans =CH), 4.94 (q, CH2C6H5), 3.91 (m, 2H, 
=CHCH), 2.36 and 1.38 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 38.69 
(-CH2-), 44.50 (C=C-CH), 66.9 (C-C6H5), 131.61 (C=C), 135.50 (C6H5), 141.43 
(C=C-C=O), 164.82 (C=O). 
 
The esterification reaction about preparation of symmetric and non-symmetric 
diesters from norbornadiene derivatives: 
  (1) P-toluenesulfonamid (pTSA) as catalyst 
A one-necked, round-bottomed flask is equipped with a magnetic stirrer, 
Dean-Stark trap, and a reflux condenser. The flask is charged with 1.0mmol of 
half-ester, 1.5mmol of corresponding alcohol, 0.0125mmol of p-toluenesulfonic acid 
monohydrate, and 5mL of toluene. The mixture is heated under reflux in an oil bath 
(about 130°C) for 24h. The mixture is allowed to cool to ambient temperature, 
removed solvent with rotary evaporator, diluted with EtOAc, and poured into 10mL 
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of aqueous, saturated sodium bicarbonate. The organic phase is separated and the 
aqueous phase is extracted three times with EtOAc. The combined organic phases are 
dried over sodium sulfate. The solvent is removed with a rotary evaporate, and 





Diester 48. Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 2.01 (1H, d, J = 7.0 Hz), 
2.20 (1H, d, J = 6.5Hz), 3.51 (3H, s), 3.84 (1H, s), 3.89(1H, s ), 5.21 (2H, d, J = 3.5 
Hz), 6.92 (2H, t, J = 3.5 Hz), 7.37 (5H, m); 
13
C NMR (125 MHz, CDCl3) δ= 52.01, 
53.48, 53.87, 66.96, 73.11, 128.46, 128.59, 128.68, 135.69, 142.43, 142.66, 151.43, 






Diester 49. Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 2.02 (1H, d, J = 5.5 Hz), 
2.22 (1H, d, J = 5.5Hz), 5.03 (4H, m), 6.85 (2H, s), 7.25 (5H, m); 
13
C NMR (125 






Diester 50. Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 2.06 (1H, dd, J = 1.5 Hz 
and J = 7.0 Hz), 2.26 (1H, dd, J = 1.5 Hz and J = 7.0 Hz), 3.75 (3H, s), 3.90 (2H, m), 
5.08 (H, m), 6.90 (2H, t, J = 1.5 Hz); 
13
C NMR (125 MHz, CDCl3) δ= 21.86, 51.95, 
53.50, 53.57, 68.72, 72.97, 142.49, 142.54, 151.33, 153.09, 164.94, 165.82. 
 
 







Diester 14. Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.28 (12H, dd, J = 2.0 Hz 
and 1.5 Hz), 2.05 (1H, dt, J = 6.5 Hz and 1.5Hz), 2.27 (1H, dt, J = 6.5 Hz and 1.5Hz), 
3.89 (1H, m), 5.08 (2H, m), 6.90 (1H, t, J = 2.0 Hz); 
13
C NMR (125 MHz, CDCl3) δ= 
21.95, 53.56, 68.77, 72.87, 142.56, 152.07, 165.06. 
 
(2) Magnesium chloride (MgCl2) 
To a stirred solution of half-ester (2.575mmol) in t-BuOH (5.0mL) was added 
MgCl2·6H2O and (
t
BuOCO)2O at 40°C. The resulting reaction mixture was stirred at 
40°C for 30h. The crude reaction mixture was diluted with H2O and extracted with 
EtOAc. The combined organic layers were dried over Na2SO4, filtrated and 
concentrated. The solvent is removed with a rotary evaporate, and purified by 





Diester 51. Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.49 (9H, s), 2.06 (1H, dd, 
J = 1.5 Hz and J = 7.0 Hz), 2.26 (1H, dd, J = 1.5 Hz and J = 7.0 Hz), 3.77 (3H, m), 
3.88 (1H, m), 3.90 (1H, m), 6.91 (2H, m); 
13
C NMR (125 MHz, CDCl3) δ= 28.18, 





Diester 52. Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.47 (9H, s), 2.03 (1H, d, 
J = 6.5 Hz), 2.23 (1H, d, J = 6.5 Hz), 3.84 (3H, m), 3.87 (1H, m), 4.20 (2H, m), 6.88 





C NMR (125 MHz, CDCl3) δ= 14.30, 28.13, 53.42, 53.48, 60.95, 72.72, 





Diester 53. Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.48 (9H, s), 2.04 (1H, d, 
J = 6.5 Hz), 2.25 (1H, d, J = 6.5 Hz), 3.87 (2H, dd, J = 1.5 Hz and J = 1.5 Hz), 4.11 
(2H, t, J = 6.5 Hz), 6.89 (2H, t, J = 7.5 Hz); 
13
C NMR (125 MHz, CDCl3) δ= 10.54, 







Diester 54. Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ= 1.50 (9H, s), 2.04 (1H, d, 
J = 6.5 Hz), 2.25 (1H, d, J = 6.5 Hz), 3.86 (2H, dd, J = 1.5 Hz and J = 1.5 Hz), 5.08 
(1H, m), 6.90 (2H, m); 
13
C NMR (125 MHz, CDCl3) δ= 22.01, 28.23, 53.40, 53.68, 
68.60, 72.70, 81.78, 142.55, 142.78, 150.72, 153.32, 164.83, 164.99. 
 
Synthesis of ring-opening metathesis polymerization with non-symmetric monomers  
To a solution of monomer (0.24mmol) in anhydrous dichloromethane (2.0mL) was 
added Grubbs catalyst 2
nd
 generation (0.0025mmol) in anhydrous dichloromethane 
(1.0mL) at room temperature under a N2 atmosphere protected. The reaction mixture 
was stirred for 6h at room temperature, and then quenched with ethyl vinyl ether 
(0.14mmol), and stirred 60min.The reaction mixture was slowly added to vigorously 
stirring a large amount of methanol or cold hexane. After reprecipitation the obtained 
polymer dried under reduced pressure. Obtained polymer was pale yellow thick solid. 
 
 







Polymer poly-48. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 7.32 (m, 5H, 
C6H5), 5.43 and 5.37 (br, 2H, trans and cis =CH), 5.14 (s, O-CH2C6H5), 3.93 (m, 2H, 
=CHCH), 3.44 (s, 3H, O-CH3), 2.43 and 1.41 (m, 2H, CHCH2CH); 
13
C NMR (125 
MHz, CDCl3) δ= 38.69 (-CH2-), 44.35, 44.48 (C=C-CH), 51.92 (O-CH3), 67.03 
(C-C6H5), 128.42, 128.59, 128.70 (C6H5), 131.41, 131.52 (CO2-C=C-CO2), 135.51 





Polymer poly-51. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.50 and 5.39 
(br, 2H, trans and cis =CH), 3.91 (s, 3H, O-CH3), 3.73 (d, 2H, =CHCH), 2.49 and 
1.58 (m, 2H, CHCH2CH), 1.45 (s, 9H, -C(CH3)3); 
13
C NMR (125 MHz, CDCl3) δ= 
38.69 (-CH2-), 44.35, 44.48 (C=C-CH), 51.92 (O-CH3), 67.03 (C-C6H5), 128.42, 
128.59, 128.70 (C6H5), 131.41, 131.52 (CO2-C=C-CO2), 135.51 (-C6H5), 141.23, 





Polymer poly-52. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.50 and 5.52 
(br, 2H, trans and cis =CH), 4.18 (m, 2H, O-CH2-) 3.92 (m, 2H, =CHCH), 3.73 (d, 2H, 
=CHCH), 2.49 and 1.65 (m, 2H, CHCH2CH), 1.44 (s, 9H, -C(CH3)3); 
13
C NMR (125 
MHz, CDCl3) δ= 14.29 (-CH3), 28.19 (-C(CH3)3), 39.23 (-CH2-), 44.54, 44.48 
(C=C-CH), 60.97 (O-CH2-), 81.86 (-C(CH3)3), 131.52, 131.68 (C-C=C-C), 141.56, 










Polymer poly-53. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.50 and 5.42 
(br, 2H, trans and cis =CH), 4.11 (m, 2H, O-CH2) 3.90 (m, 2H, =CHCH), 2.50 (s, 1H, 
CHCH2CH), 1.65 (m, 3H, CHCH2CH and –CH2CH3), 1.44 (s, 9H, -C(CH3)3), 0.91 
(-CH3); 
13
C NMR (125 MHz, CDCl3) δ= 10.55 (-CH3), 21.91 (-CH2CH3), 28.13 
(-C(CH3)3), 39.19 (=C-CH-CH2-CH-C=), 44.47, 44.21 (C=C-CH), 66.60 (-CH2-O2C), 







Polymer poly-54. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.49 and 5.45 
(br, 2H, trans and cis =CH), 5.05 (m, H, CH(CH3)2) 3.87 (s, 2H, =CHCH), 2.50, 1.65 
(m, 2H, CHCH2CH), 1.44 (s, 9H, -C(CH3)3), 1.29 (d, 6H, CH(CH3)2); 
13
C NMR (125 
MHz, CDCl3) δ= 21.94 (CH(CH3)2), 28.21 (-C(CH3)3), 39.42 (=C-CH-CH2-CH-C=), 
44.47, 44.51 (C=C-CH), 68.61 (CH(CH3)2), 81.85 (-C(CH3)3), 131.41, 131.64 
(C-C=C-C), 141.74, 142.43 (C=C-C=O), 164.00, 164.72 (C=O). 
 
Deprotected reaction for cleavage the tert-butyl group using iodine as catalyst 
Iodine (30 mol %) was added to a solution of polymer (poly-51, 0.224 mmol) in 
CH2Cl2 (3 mL) and after adding water (40μL) the reaction was stirred at reflux for 20 
h. The reaction mixture was diluted with aqueous Na2S2O3 (5 mL) and extracted with 
CH2Cl2. The combined organic layers were dried over anhydrous Na2SO4 and the 




Deprotected reaction for cleavage the tert-butyl group using SiO2 as catalyst 
Polymer poly-51 was dissolved in CH2Cl2 (3 mL), the solution was added SiO2 
(1.25 g). The solution was refluxed under N2 for 12 h, cooled to ambient temperature. 
The solid mixture was filtrated and the solvent is removed with a rotary evaporate. 
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Deprotected reaction for cleavage the tert-butyl group using TFA as catalyst 
The polymer (0.24mmol) was dissolved in 8mL of CH2Cl2 and 2mL of 
trifluoroacetic acid was added to remove the protecting group. The reaction mixture 
was allowed to stir overnight at ambient temperature and was then poured into toluene. 
The solvents were removed under reduced pressure and the solid was dissolved in 
THF and precipitated in cold hexane. The product was collected and dried overnight 





Polymer poly-68. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.43 (br, 2H, 
=CH-CH), 4.19 (d, 2H, O-CH2-), 3.62 (d, 2H, =CHCH), 2.66 and 1.44 (m, 2H, 
CHCH2CH), 1.21 (-CH3); 
13
C NMR (125 MHz, CDCl3) δ= 38.78 (-CH2-), 44.97, 
45.14 (=C-CH), 55.33 (O-CH3), 132.72, 133.01 (=C-CH), 146.63, 146.02 





Polymer poly-69. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.48 (br, 2H, 
=CH-CH), 4.03 (s, 3H, O-CH3), 3.69 (d, 2H, =CHCH), 2.57 and 1.44 (m, 2H, 
CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 13.59 (-CH3), 39.17 (-CH2-), 45.03, 
45.19 (=C-CH), 54.64 (O-CH2), 132.20, 132.54 (=C-CH), 142.51, 143.07 





Polymer poly-70. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.49 (br, 2H, 
=CH-CH), 4.09 (s, 3H, O-CH2-), 3.60 (t, 2H, =CHCH), 2.64 and 1.44 (m, 2H, 
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CHCH2CH), 1.63 (m, -CH2CH3), 0.91 (-CH3); 
13
C NMR (125 MHz, CDCl3) δ= 
10.90(-CH3), 21.71 (-CH2CH3), 39.17 (-CH-CH2-CH-),  44.41, 45.15 (=C-CH), 







Polymer poly-71. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.49 (br, 2H, 
=CH-CH), 5.05 (m, H, O-CH-), 4.04 (s, 2H, =CHCH), 2.68 and 1.46 (m, 2H, 
CHCH2CH), 1.24 (t, 6H, -CH(CH3)2); 
13
C NMR (125 MHz, CDCl3) δ= 21.94 
(-CH(CH3)2), 30.04 (-CH-CH2-CH-), 44.92, 45.25 (=C-CH), 55.39 (O-CH), 131.89, 
132.58(=C-CH), 142.54, 142.76 (C=C-C=O), 165.34, 165.65 (C=O). 
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Hydrogenation and epoxidation of norbornadiene derivatives 
bearing various ester groups  
4.1 Introduction 
Norbornadiene derivatives are known to effectively undergo ring-opening 
metathesis polymerization (ROMP), because relief from the ring strain upon ring 
opening of the norbornene derivatives provides the necessary driving force for the 
polymerization. The symmetric and non-symmetric polymers with cyclopentene 
backbones were polymerized by the ruthenium-based 2
nd
 generation Grubbs catalyst. 
One of the particular characteristics of ROMP reaction was that the functionalized 
double bond in the monomer could be retained in the backbone of the resulting 
polymers. Using this feature, these unsaturated polymers could be easily further 
modified, which could transform the double bond into the desired functionalized 
group such as sulfonic acid group, epoxy group, hydroxyl group and so on. 
[1]
 
Because the double bond in the monomer has been retained, the polymer films can be 
easily chemical modification and prepared by the surface-initiated ring-opening 
metathesis polymerization (SI-ROMP). 
[2-5]
 However, it was found that in the 
procedure of chemical modification of polymer films prepared by SI-ROMP, these 
films will undergo severe degradation. 
[2, 3]
 Jennings’ research group first described 
the severe degradation in the procedure of sulfonic modification to PNb, and 
according to the results of comparative experiments speculated that this degradation 
occurred in the main chian which caused by oxidative cleavage of the double bonds. 
[3]
 
Then Chen’s research group found that such unsaturated backbone of polymer was 
stable in solution in its free state. Nevertheless when one end of the segment was 
attached to the surface, due to the concentration gradient at the polymer-medium 
interface, entropy effect was caused to the severe degradation of PNb and PBd 
films.
[2]
   
Therefore, it is important to look for ways to suppress this degradation and improve 
the stability of polymers. Chen’s research group found that such unsaturated polymers 
driven from surface did not undergo degradation in inert gas shielding.
 [2]
 Jennings 
and coworkers found that when the side chain contained fluorine atom, the stability of 
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PNb film was greatly increased. 
[4] 
However, the above two methods needed for the 
more stringent experimental conditions in inert gas, or requiring special chemical 
protection. The preparation of saturated polymers was absorbing work based on 
ROMP and expanded the scope of application. 
4.1.1 Hydrogenated polymers based on the ROMP products 
An effective preparation method of saturated polymer is hydrogenation reaction. 
The polymers of ROMP of cycloolefins were hydrogenated, and the hydrogenated 
polymers had high molecular weight and narrow molecular weight distribution with 
great optical characteristics, because the saturated polymers improved the thermal 
stability.
 [7-10]
 Therefore, the hydrogenated polymers which had more stable thermal 
propensity exhibited great characters to be applied in optical material field.
 [11, 12] 
Due 
to the desirable optical characteristics, many research groups applied hydrogenated 
polymers in a variety of practical fields. 
[6, 13, 14]
  
Hydrogenated polymers were commercialized firstly by Nippon Zeon group, and 
these bulky polymers were applied widely in optical plastic with desirable 
characteristic of superior humidity resistance. The optical devices were deformed by 
absorption of water. If the polar subsitutents contained the groups which easily 
absorbed water, the optical materials had disk tracking mistake and spherical 
aberration applied in lenses and prisms fields. 
[15, 16]
 Hydrogenated polymers in 
internal olefins were paid much attention. Fogg and co-workers investigated the 
tandem ROMP-hydrogenation. They adopted methanol and H2 in ROMP condition to 




Scheme 4.1 Ring-opening metathesis polymerization-hydrogenation of cyclooctene 
Noels’ group reported the hydrogenated polymers based on corresponding 
poly-norbornene derivatives using diimide. 
[18]
 The microstructures of hydrogenated 
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hydrogenated polymers and their parents. (Scheme 4.2) Based on these results it was 
concluded that the hydrogenated products had 100% hydrogenated degree, and these 
fully hydrogenated products had an isotactic bias and the starting polymers with 















Scheme 4.2 The polymers of ROMP and polymer of ROMP-hydrogenated reaction 
 
ZEON Corporation in Japan commercialized the polynorbornene and further a 
saturated the double bond of dicycclopentadiene (DCPD) as starting monomer. 
[19]
 
They investigated the optical properties, heat resistance and electric property of 
hydrogenated polymers with different substituents. (Scheme 4.3) The results showed 
that the saturated structure from hydrogenation reactions improved transparency and 
heat resistance described by glass transition temperature (Tg).  At the same time, 
ZEON Corporation applied these bulky polymers into optical applications for lenses 
and prisms, medical and food container use, semiconductors and liquid crystal display 
components.   
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Esteruelas and co-workers reported OsHCl(CO)(P
i
Pr3)2 as catalyst for ROMP and 
tandem ROMP-hydrogenation of norbornene and 2, 5-norbornadiene. 
[20]
 They 
hydrogenated the polymers with norbornene skeleton completely at the condition of 
40 °C and 3 equvient of H2 for 48h, and also the polymers with norbornadiene 
skeleton completely at the condidition of 40 °C and 3 equvient of H2 for 48h. They 
compared the hydrogenated reaction conditions between poly(norbornene) and 





Pr3)2. The procedure of ROMP and 
hydrogenation was also active tandem. 
Herrero’s group also reported poly(norbornene) catalyzed by MHCl(CO)(PiPr3)2 
(M= Ru, Os) were hydrogenated at 3 atm of hydrogen by the diimide. They 
investigated the thermal properties of tran- structure, cis- structure and hydrogenated 
polynorbornene. The weight loss began at 430 °C, and no weight loss at ambient 




Toyota’s group reported hydrogenation with p-toluenesulfonylhydrazide (TSH/ 
double bonds mole ratio =5). (Scheme 4.4) These saturated polymers were polymeric 
antioxidants with higher activity, and applied to prevent polypropylene from thermal 
oxidation degradation. 
[22]
 Through designing the nornornene monomers in ROMP 
reaction, the functionalized polymers were papared by the first generation Grubbs’ 
catalyst. They found that it could be avoided negative steric interaction and 
intramolecular to prolong the distance between anchor group of monomer and 
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norbornene olefinic bond. It was an efficient method to obtain high ROMP activity.  










Scheme 4.4 Procedure of the synthesis of polymeric antioxiants 
Nishihara’s group reported the successive hydrogenation of doubly functionalized 
polar poly(norbornene). 
[23]
 (Scheme 4.5) The thermal properties of hydrogenated 
polymers with cyano group and ester group were exploited. The results revealed that 
with the increase of carbon number of ester group, the decrease of glass transition 
temperature (Tg) but little change of the 5% decomposition temperature (Td
5
). Then 
the tandem ROMP-hydrogenation carried out under a hydrogen atmosphere (9.8MPa) 
at 80 °C and the hydrogenated polymers retained a narrow molecular weight 
distribution.  
4.1.2 Epoxidized polymers based on the ROMP products 
The other effective preparation method of saturated polymer is epoxidation reaction. 
The strategy of highly selective epoxidation has always been an important goal. 
[24-28]
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The epoxidation of olefins were catalyzed readily by iodosylbenzene with iron 
porphyrin. 
[29]
 It was a good method for epoxidation with small molecular weight in 
high yield. However, due to the solubility and structure of polymer, this kind of 
catalyst systems was not suitable for epoxidation of polymers.  
 
Recently peracids are applied in epoxidation reaction directly with alkenes such as 
meta-chloroperbenzoic acid (MCPBA). 
[30]
 (Scheme 4.6) A large amount of research 
results showed that the reaction rate was enhanced by the electron donating groups on 
the structure of alkene, while the rate was also increased by electron withdrawing 
groups on the structure of peracids and this effect was not sensitive to the steric 
environment. 
[31]
 Therefore, the epoxidation was applied in biological systems and 







Scheme 4.6 The epoxidation of alkenes with MCPBA 
Several mechanisms of alkene epoxidation using MCPBA as catalyst have been 
reported, however seldom mechanisms explained all the experimental results of the 
rearranged formation of byproducts, the influence of specific solvent and the MCPBA 
induced decomposition in the procedure of reaction. 
[40]
 The widely accepted 
mechanism was Bartlett’s “butterfly” transition state model. [31, 41] (Scheme 4.7) The 
key procedure in this mechanism was the intramolecularly hydrogen-bonded MCPBA 
had a concerted attack on the alkene. 
[42]
 Even in the nonpolar solvent condition, the 
epoxidation had the feature of stereospecific, which meant this reaction did not 
contain free ions. 
[43]
 Based on the Kim’s investigated results, the frontier-orbital 
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interaction played a key role in the MCPBA-catalyzed epoxidation. However, the 








Scheme 4.7 Mechanism of Bartlett’s “butterfly” transition state model 
Kim and co-worker exploited the epoxidation of poly(ethylene-co-5-vinyl-2- 
norbornbornene) with MCPBA as catalyst at 65℃ in toluene for 4 hours. [44] (Scheme 
4.8) Under this epoxidation condition, the reaction had a stoichiometric yield and full 
epoxidized product based on 
1


















Scheme 4.8 Epoxidation of poly(ethylene-co-5-vinyl-2- norbornbornene) with 
MCPBA as catalyst 
One feature of ROMP is that the double bond in the main chain of monomer 
preserved in obtained polymer. The further modification could be carried out on the 
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double bond to saturate the polymers and desired functionalized polymers were 
obtained. The epoxidation was adopted to improve the degradation of SI-ROMP film. 
Tang’s group prepared PNb film using SI-ROMP from SiO2 surface, and epoxidized 
modified film was obtained with MCPBA. 
[45]
 (Scheme 4.9) The influence of solvent 
to grafted polymers was investigated by characterizing the free counterparts. It was 
found that the interaction between polymers and solvent had strong effect on the loss 
of films. The selection of solvent was important in the achievement of epoxidation.  
Scheme 4.9 PNb film via SI-ROMP and epoxidized film with MCPBA 
 
As the important precursor, the C-O of epoxidized polymer has cleavage and new 
functionalized polymers are obtained. Schrock and co-workers introduced the 
epoxidized poly(norbornene) using MCPBA as catalyst in chloroform. Then the 
epoxidized polymers had a reaction with LiAlH4 in THF, which led to completed 
conversion of the epoxy group into the corresponding alcohol. 
[1]
 (Scheme 4.10) This 
work afforded a unique methodology to the double bond epoxidation of a polymer 
prepared by ROMP. This epoxidation had a limitation to only certain nucleophiles. 
Scheme 4.10 Epoxidized polymers had reaction with LiAlH4 in THF 
Muroran Institute of Technology, Jianjun Shi, December 2017 
133 
 
Chen’s group prepared the PBd films with surface chemistry based on ROMP 
reaction. 
[46]
 They further chemically modified the double bond of main chain. The 
new functionalized polymer films obtained had potential application in biomedical 
and industrial fields. The epoxidized PBd films were catalyzed by MCPBA and 
followed hydrolysis was carried out with HClO4. (Scheme 4.11) The converting 
structure of main chain catalyzed by MCPBA was an effective method for saturated 
carbons of polymers to oxirane moieties. 
[47, 48]
  
Scheme 4.11 Surface initiated ROMP of cyclooctadiene in the vapor phase and 
further chemical modifications 
Durmaz and co-workers reported epoxidized poly(oxanorbornene) and based on 
this epoxidized polymer the further reaction with well-known nucleophiles amines 
(R-NH2), azide (NaN3) and thiols (R-SH) were carried out successfully in high 
yields.
[49]
 The reaction conditions of the amine-epoxy, thiol-epoxy and azidation of 
epoxy ring-opening reaction were exploited. (Scheme 4.12) 


















Scheme 4.12 General pathway for the post-functionalization of epoxidized 
polymers 
4.2 Hydrogenation and epoxidiation with ROMP-generated 
poly(norbornadienes) 
4.2.1 Hydrogenation with ROMP-generated poly(norbornadienes) 
In the third chapter, we introduced a series of symmetric and non-symmetric 
polymers with norbornadiene skeleton and different pendent of ester groups. Here we 
attempted to saturate these polymers with different structures. Ring-opening 
metathesis polymerization of norbornadiene derivatives, further followed saturation 
by hydrogenation, enables preparation of high molecular weight and functionalized 
polymers. 
[49-52]
 The procedure of hydrogenation was efficient in order to eliminate 
the sensitivity to oxidative and thermal degradation. The hydrogenated products could 
avoid the crosslinking reaction, and associated with other group on the olefinic 
linkages in main chain.
 [53-56]
  
Therefore, the polymers synthesized by ROMP were next treated with 
hydrogenation. Comparing with reported work of hydrogenation under high pressure 
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(3.9Mpa-9.8Mpa) and high temperature (about 165°C) required for the homogeneous 
catalyst to obtain full hydrogenation, 
[57]
 the p-toluenesulfonyl hydrazide (TSH) and 
2,6-ditert-butyl-4-methylphenol (the ratio of polymer , TSH and BHT was 1: 10: 0.1) 
were adopted at temperature of 135°C and ambient pressure to ensure complete 
hydrogenation in our work. Comparing with other solvents of dichloromethane, 




The beginning of the hydrogenation was denoted by vigorous evolution of gas. 
Although hydrogenation condition was vigorous, there was no side reaction about 
hydrogenation of ester groups investigated by 
1
H NMR and 
13
C NMR. While there 
was no evidence for the reaction of chain scission in the series of symmetric and 
non-symmetric polymers, this result was apparent by the molecular weight from the 
GPC. The hydrogenation degree was determined by 
1
H NMR in CDCl3. The olefinic 
resonances in main chain of all our samples at about 5.4 ppm disappeared in 
1
H NMR. 
This meant the procedure of hydrogenation was completed. Our work is the first 
example of homogenous hydrogenation of poly (norbornadiene) with two different 
polar functional ester groups along polymer backbone. Twelve different ROMP 
generated polymers were hydrogenated successfully and saturated polymers were 
obtained in high yields. The isolated yield, number average molecular weight, 
polydispersity index and hydrogenation degree were summarized in Table 4.1. 
Comparing with parent polymers, the polydipersity index was similar and remained 
near 1.5. It was indicated that there was no significant chain scission reaction and 
bridging reaction occurred in the procedure of hydrogenation. 
 The hydrogenated poly(norbornadiene) generated from ROMP using diimine was 
obtained in situ based on TSH and BHT. The symmetric polymers of poly-12 to 
poly-15, poly-17 and poly-49 were saturated, and the main structure of them was 
trans- configuration calculated by 
1
H NMR. The hydro-12 was given an example for 
analyzing the structure of symmetric hydrogenated polymers. The poly-12 was 
hydrogenated at 135°C for 5 hours in high yield of 98.2%. Because there were many 
interference signals and overlapped signals in the high-field of proton NMR spectra, it 
could not determine the characteristic peak of hydrogenated polymers after saturation. 
(Figure 4.1) It was also different to distinguish the end group based on proton NMR 
after long time scanning. Therefore the molecular weight was determined by GPC 
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measurement. Comparing to parent polymer, the the molecular weight measured by 
GPC of hydro-12 was slightly increased. It was indicated that the hydrogenation 
reaction was carried out successfully, and there was not chain scission occurred in the 
procedure of hydrogenation. However, the chiral carbon atoms connected with C=C 
bond in the main chain already ensured the relative configuration in the ring-opening 
metathesis procedure. The tacticity of hydrogenated polymers mainly depended on the 
starting polymers and the configuration remained unaffected by hydrogenation 
reaction. Because of the effect of meso or racemic environment, the cis- or trans- 
isomerism was suppressed when the double bond was removed, which caused to 
enhance splitting in the resonance of NMR. Therefore the tacticity was assigned by 
13
C NMR only due to the well-resolved fine structure of hydrogenated polymer. To 
obtain highly distinguishing results from 
13
C NMR, high cis- or high trans- 
configuration was required for the parent polymers. As the parent polymers had an 
intermediate ratio of cis- and trans- configuration, it was difficult to determine the 
tacticity of double bond such as trans- isotactic or cis- syndiotactic, and it was 
possible that random tacticity of the chain was observed. In our work, the symmetric 
polymers of poly-12 and poly-13 were all-trans structure, and poly-14, 15, 17, 48 
were high-trans structure.   
Figure 4.1 
1
H NMR spectra (500 MHz, CDCl3) of poly-12 and hydro-12. The 
signal with an asterisk is due to the solvent and the contaminated water. 
The poly-12 was hydrogenated with diimide (NH=NH) generated in situ at 135°C. 
This mild hydrogenation condition was easily available to avoid the rough high 
temperature and high pressure. The hydrogenation involved a synchronous concerted 
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pericyclic transfer mechanism, and two hydrogen atoms were added by the highly 
selective cis- addition reaction across the olefinic bond of parent polymers. 
[58]
 The 
polar double bond of ester groups (all the samples of our work) and aromatic rings 
(hydro-48 and hydro-49) still remained inert. This result was identified with other 
reported results. 
[59]
 As different results with hydrogenated poly(norbornenes), the 
hydrogenation also occurred on the endocyclic C=C double bond and did not affected 
the ester groups. The insertion hydrogenation was carried out on the orientation of 
sterically most hindered face, because this stereospecifical hydrogenation method had 
more thermodynamical stability. Rooney’s group reported same results about this 
stereospecifical structure. 
[60]
 Considering the all cis- formation which had more 
crowded, the attack on the least hindered side was the preferential formation. 
Similarly explaining about intermediate ratio of cis- and trans- structure, the attack 
was random, and more thermodynamically stable polymers were obtained. Based on 
the molecular weight of all the samples, the loss of molecular weight did not occur 
and the workup filtrate for mass balance was not also observed. 
The stereochemistry around the double bond in the main chain of parent polymer 
was determined by integration of the appropriate signals in the 
1
H NMR spectra. The 
protons of double bond at near 5.40 ppm disappeared in hydrogenated polymer 
hydro-12 spectra (Figure 4.1). And the protons associated with double bond at the 
region of 3.8 ppm also disappeared. Except for the difference that three new 
absorption signals for the added protons appeared in high-field of 
1
H NMR spectra. 
The chemical signals of single peak at 1.57 ppm and at 1.15 ppm were the protons 
added on the double bond of main chain. At the same time the single peak at 2.67 was 
for the protons which added on the double bond of cyclopentane. It was indicated that 
the addition occurred at both the double bonds of the main chain and the cyclopentane, 
and hydrogenation was carried out completely under the condition of TSH and BHT 
(the ratio of polymer, TSH and BHT was 1: 10: 0.1) at temperature of 135°C and 
ambient pressure. There was not tacticity splitting to be visible. The main feature of 
the 
1
H NMR spectra was three single signals in high-field appeared to instead of 
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hydro-12 Me Me 98.2 1.91 1.59 >99 















Bu 93.7 2.71 1.63 >99 
hydro-51 Me 
t
Bu 88.4 2.73 1.76 >99 
hydro-52 Et 
t










Bu 78.3 3.42 1.79 >99 
hydro-50 Me 
i
Pr 88.6 2.14 1.60 >99 
hydro-49 Bz Bz 89.7 6.39 1.46 >99 
hydro-48 Me Bz 86.9 4.43 1.58 >99 
The 
13
C NMR between poly-12 and hydro-12 as example revealed more 
information of microstructure as shown in Figure 4.2. The C=O carbon, O-CH3 
carbon and C5, 6 appeared as sharp singlets in both poly-12 and hydro-12. It was 
indicated that the cis-addition of H2 atoms for the stereoselective structure on the 
endocyclic C=C was occurred, and there was not new tacticity splitting appeared in 
hydrogenated polymers. The disappeared signal of the carbons assciated with C=C 
double bond caused the significant changes about chemical shifts in exocyclic trans- 
junctions. Comparing with the parent polymers, the signals of C1, 3, C2, 4 and bridge of 
C7 were enhanced and the well-resolved fine signals were obtained. Depended on the 
results of Rooney’s group,  the meso arrangement was the most intense and the 
completed hydrogenated polymers had an isotactic bias. 
[60]
  







C NMR spectra (125 MHz, CDCl3) of poly-12 and hydro-12. The signal 
with an asterisk is due to the solvent. 
With the increase of number of carbon, the yields of hydrogenated polymers were 
slightly decreased. Although there was no evidence for the influence of bulky group 
on the yield, the steric hindrance had slight influence on the hydrogenated addition 
and this influence mainly impacted the hydrogenated addition on the endocyclic C=C 
double bond. Comparing with parent polymer, the molecular weight of hydrogenated 
polymers slightly increased. It was indicated that there was no chain scission occurred 
in the procedure of hydrogenation. However, the chiral carbon atoms connected with 
C=C bond in the main chain already ensured the relative configuration in the 
ring-opening metathesis procedure. The very near value of molecular weight between 
parent polymers and hydrogenated polymers could also prove this conclusion, and at 
the same time the similar molecular weight also meant the successful hydrogenation 
As the size of the ester substituents increases, the trans- content of parent polymers 
decreased from 100.0% to 76.2% as introduced in the third chapter. However, the 
main structure of parent polymers was trans- configuration. The chiral carbon atoms 
connected with C=C bond in the main chain already ensured the relative configuration 
in the ring-opening metathesis procedure. The tacticity of hydrogenated polymers 
mainly depended on the starting polymers and the configuration remained unaffected 
by hydrogenation reaction. The information of proton NMR of the others symmetric 
hydrogenated polymers was shown in Figure 4.3. It was obviously observed that the 
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protons of exocyclic C=C double bond at near region of 5.4 ppm disappeared.  And 
the protons connected with double bond at the region of 3.8 ppm also disappeared. 
Except for the difference that three new absorption signals for the added protons 
appeared in high-field. These results indicated the configuration remained unaffected 




H NMR spectra (500 MHz, CDCl3) of symmetric hydrogenated polymers. 
The signal with an asterisk is due to the solvent. 
The well-resolved fine signals of 
13
C NMR of symmetric hydrogenated polymers 
were shown in Figure 4.4. The C=O carbon, O-CH3 carbon and C5, 6 appeared as 
sharp singlets. The cis-addition of H2 atoms for the stereoselective structure on the 
endocyclic C=C was occurred, and there was not new tacticity splitting appeared in 
hydrogenated polymers. The disappeared signal of the carbons connected with C=C 
double bond caused the significant changes about chemical shifts in exocyclic trans- 
junctions. The signals of C1, 3, C2, 4 and bridge of C7 were enhanced. 






C NMR spectra (125 MHz, CDCl3) of symmetric hydrogenated 
polymers. 
Different with symmetric structure of polymers, the non-symmetric substituents or 
bulk mass of benzyl group of parent polymers affected the microstructure of polymers 
and the ratio of trans/cis- was near 1:1. The yield of non-symmetric hydrogenated 
polymers with butyl group was decreasing with the increase of size of other ester 
group. The probable reason of this slight decrease tendency was the steric hindrance 
to exocyclic and endocyclic hydrogen addition. However the different result could be 
found comparing the yields of hydro-48 with hydro-49, the symmetric structure of 
hydrogenated polymer had higher yield. The main influence for yield was not the 
steric hindrance, and the symmetric benzyl substituents were in favour of hydrogen 
addition.  
The hydro-51 was observed to analyze the non-symmetric hydrogenated polymers 
and the proton NMR spectra was shown in the Figure 4.5. It was found that the 
protons of double bond at near 5.40 ppm disappeared and the protons associated with 
double bond also disappeared at the region of 3.8 ppm. Three absorption signals for 
the added protons appeared in high-field of 
1
H NMR spectra. It was indicated that the 
addition occurred at both double bond of main chain and cyclopentane, and 
hydrogenation was carried out completely. There was not tacticity splitting to be 
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visible. The main feature of the 
1
H NMR spectra was three single signals in high-field 
instead of protons of exocyclic C=C and endocyclic C=C double bond. And 
comparing with symmetric hydrogenated polymers hydro-12, the signal of protons 
associated with the double bond and the bridge protons were close to each other and 




H NMR spectra (500 MHz, CDCl3) of poly-51 and hydro-51. The 
signal with an asterisk is due to the solvent. 
The well-resolved fine signals of 
13
C NMR of symmetric hydrogenated polymers 
were shown in Figure 4.6. The C=O carbon, O-CH3 carbon and C5, 6 appeared as 
sharp singlets. The disappeared signal of the carbons connected with C=C double 
bond caused the significant changes about chemical shifts in exocyclic trans- 
junctions. Before the hydrogenation reaction, the observed difference between 
symmetric and non-symmetric polymers was that there were two small absorption 
peak around the bridge carbon C7. This feature was also remained in non-symmetric 
polymers. It was indicated that the microstructure of non-symmetric hydrogenated 
polymers was depended on the parent polymers, and the hydrogenation reaction did 










C NMR spectra (125 MHz, CDCl3) of poly-51 and hydro-51. The signal 




H NMR spectra (500 MHz, CDCl3) of non-symmetric hydrogenated 
polymers.  
 






C NMR spectra (125 MHz, CDCl3) of non-symmetric hydrogenated 
polymers.  
The other non-symmetric hydrogenated polymers also had the microstructures with 
ratio of trans/cis- configuration 1:1. The chiral carbon atoms connected with C=C 
bond in the main chain already ensured the relative configuration in the ring-opening 
metathesis procedure. The tacticity of hydrogenated polymers mainly depended on the 
starting polymers and the configuration remained unaffected by hydrogenation 
reaction. (Figure 4.7) The protons of exocyclic C=C double bond and the protons 
associated with double bond were disappeared at near region of 5.4 ppm and 3.8 ppm, 
respecctively. The additional protons appeared in high-field. These results indicated 
the configuration remained unaffected by hydrogenation reaction. 
The well-resolved fine signals were observed in 
13
C NMR of non-symmetric 
hydrogenated polymers. (Figure 4.8) The C=O carbon, O-CH3 carbon and C5, 6 
appeared sharp singlets. The cis-addition of H2 atoms for the stereoselective structure 
on the endocyclic C=C was occurred, and there was not new tacticity splitting 
appeared in hydrogenated polymers. The disappeared signal of the carbons assciated 
with C=C double bond caused the significant changes about chemical shifts in 
exocyclic trans- junctions. The signals of C1, 3, C2, 4 and bridge of C7 were enhanced. 
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4.2.2 Epoxidiation with ROMP-generated poly(norbornadienes) 
Meta-chloroperoxybenzoic acid as epoxidation catalyst (defined as Prilezhaev 
reaction) is widely-applied and commercially available in efficient epoxidation. The 
feature of m-ClC6H4-CO3H in epoxidation was excellent choice for converting the 
exocyclic double bond, but was rather inert to functionality, as ester groups and 
aromatic rings were not attacked. 
[61]
 The electron-donating substituents on the C=C 
double bond and electron-withdrawing groups on peroxy acid of 
meta-chloroperoxybenzoic acid facilitated the oxygen transfer. 
[62-68]
 Bartlett’s group 
initially proposed the concerted process mechanism. The oxirane formation contained 
a cyclic polar process where the proton was transferred intramolecularly to the 
carbonyl oxygen with simultaneous attack by the alkene π-bond. [69] Due to the unique 
planar transition structure (TS), the “butterfly” mechanism was referred. (Scheme 
4.13) The oxygen-oxygen σ bond was attacked by the nucleophilic π-bond from 
alkene.This procedure involved an SN2 fashion about displacement of neutral COO- 
carboxylic acid. 
[70,71]
 The approach of neutral and protonated MCPBA on the reaction 
surface was extremely shallow to the C=C double bond. 
[72]
 Considering the long 
chain structure of polymers, the catalyst selected for epoxidation had to protect the 
structure of polymers and avoid the chain scission and secondary reaction unexpected. 
Relatively weak acid was applied in alkene epoxidation to avoid strong acid. 
 
Scheme 4.13 The mechanism of epoxidation using meta-chloroperoxybenzoic acid 
as catalyst 
A series of norbornadiene derivatives were polymerized with Ru-based initiator 35 
with the symmetric and non-symmetric ester substituents. Epoxidation reactions were 
carried out for these ROMP-generated polymers with 3.0 equivalents of MCPBA in 
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CHCl3. The epoxidations were completed rapidly and obtained the epoxidized 
polymers. The results of reaction time, yield, molecular weight of GPC, 
polydispersity index and epoxidation degree were shown in Table 4.2.  






Because there was rather different microstructure between symmetric and 
non-symmetric ROMP-generated polymers, the epoxidzed polymers will be discussed 
in two sections. The number of epox-12 to 15, epox-17 and epox-49 had symmetric 
structure. With the increase of size of ester groups, the reaction time was increased. 
The larger ester groups hindered the epoxidation to some degree. All of the samples 
were obtained in near quantitative yields. Comparing with the parent polymers, the 
molecular weight measured by GPC decreased, because chain scission occurred in the 
procedure of epoxidation. The molecular weight distribution was similar with that of 









epox-12 Me Me 2 100 1.31 1.51 >99 















Bu 3.5 100 2.07 1.52 >99 
epox-51 Me 
t
Bu 3.5 100 2.12 1.51 >99 
epox-52 Et 
t










Bu 3.5 100 2.86 1.55 >99 
epox-50 Me 
i
P 3.5 100 1.97 1.73 >99 
epox-49 Bz Bz 3.5 100 4.51 1.40 >99 
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parent polymers. It was indicated that it exhibited the chain scission during the 
procedure of epoxidation and this chain scission was not vigorous.  
  The sample of epox-12 was chosen as example for analyzing the epoxidation of 
symmetric polymers. (Figure 4.9) When the procedure of epoxidiation was monitored 
by 
1
H NMR, the most obvious characteristics observed were huge broadening 
absorption signals, which was attributed to the chemical change of the polymer main 
chain backbone. The unsaturated and rigid backbone converted to saturated structure 
but more restricted form, resulting to overlapping and broader signals. 
[49]
 Similar 
situation also reported by Durmaz’s work. [75] The original sharp and well-defined 
signals of backbone converted into broad and ambiguous signals in 
1
H NMR spectra 
after the radical thiol-ene addition reaction. About the result of 
1
H NMR of symmetric 
epo-12, it was found that the signal of olefinic protons at near region of 5.4 ppm was 
disappeared after 2 hours. It meant that the conversion of parent polymer was 100% 
and the epoxidation degree was 100%. A new broad signal for the protons on an 
epoxide ring was observed at 2.8 ppm to replace the olefinic protons.  
Figure 4.9 
1
H NMR spectra (500 MHz, CDCl3) of poly-12 and epox-12. The signal 
with an asterisk is due to the solvent and the contaminated water. 
Due to the more restricted form about unsaturated and rigid backbone converted to 
saturated structure, the results of 
13
C NMR also observed the overlapping and broader 
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signals. (Figure 4.10) Because of the broader signals, the scan time was extended to 
more than 10 hours and the amount of test sample was added to near 100mg for the 
assignment of signals. Although the CH of epoxy signal was broadening, the C=C 
double bond in the polymer ring at 142 ppm disappeared and the carbons of epoxide 
ring were observed at 61 ppm. Many researches observed the results of IR spectrum 
with different sample concentrations, and found that trace of overepoxidaton occurred 





there was no evidence to investigate all of endo-cyclic C=C double bond also had 
epoxidation, and it was only indicated that overepoxidation occurred to a small degree. 
Schrock’s group was a pioneer to explore the epoxidation of poly(norbornene) using 
MCPBA as catalyst, and they observed the similar results.
 [1]
 In our results, the C=O 
double bond (C8, 9) was distinct but converted to broad in epoxidation. Epoxidation 
occurred on C=O in the ester groups to a small extent. Due to the partial epoxidized 
endocyclic C=C double bond, the same situation was also observed at 132 ppm. The 
integrated results were indicated that trace carbon-oxygen double bond in carbonyl 
group had epoxidation, and partial endocyclic carbon and carbon double bond was 
also submitted to epoxidation.    
Figure 4.10 
13
C NMR spectra (125 MHz, CDCl3) of poly-12 and epox-12. The signal 
with an asterisk is due to the solvent. 
  Comparing with symmetric ROMP-generated polymers whose main structure was 
trans- configuration, the non-symmetric polymers had the ratios of trans-/cis- near 1:1. 
The epox-51 was an example for investigating the non-symmetric epoxidized 
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polymers. The proton NMR and 
13









C NMR spectra (125 MHz, CDCl3) of poly-51 and epox-12. The signal 
with an asterisk is due to the solvent. 
Similarly, the most obvious characteristics observed were huge broadening 
absorption signals. (Figure 4.11) It was found that the signal of olefinic protons at 
near 5.4 ppm was disappeared after 3.5 hours. It meant that the conversion of parent 
polymer was 100% and the epoxidation degree was 100%. A new broad signal for the 
protons on an epoxide ring was observed at 2.8 ppm to replace the olefinic protons. 
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Due to the more restricted form about unsaturated and rigid backbone converted to 
saturated structure, the results of 
13
C NMR also observed the overlapping and broader 
signals. (Figure 4.12) Although the CH of epoxy signal was broadening, the C=C 
double bond in the polymer ring was disappeared at 142 ppm and the carbons of 
epoxide ring were observed at 61 ppm. The exocyclic C=C double bond (C8, 9) was 
distinct but converted to broad in epoxidation. Epoxidation occurred on C=O in the 
ester groups to a small extent. Due to the partially epoxidized endocyclic C=C double 
bond, the same situation was also observed at 132 ppm. About the non-symmetric 
epoxidized polymer, the integrated results were indicated that trace carbon-oxygen 
double bond in carbonyl group had epoxidation, and partial endocyclic carbon and 
carbon double bond was also underwent epoxidation.   
Due to the overlapping and broad signals it was not well-determined whether the 
microstructure of both symmetric and non-symmetric epoxidized polymers had a 
conversion of the configuration compared with parent polymers or remained the 
configuration of parent polymers based on the 
1
H NMR and 
13
C NMR. The obtained 
epoxidized polymers were stable and did not react with a variety of nucleophiles 
(such as aqueous HCl, sodium hydroxide, NaOMe, KOCH2CH2NMe2) at high 
temperature (100°C). 
[1,61]
 The epoxidized polymer had internal reactivity. Although 
the epoxidation reaction was completed rapidly in high yield and fully converted the 
exocyclic C=C double bond to epoxide, the overreaction in endocyclic C=C double 
bond and uncertain epoxidation of this overreaction were disappointing from a 
synthetic point of view. If this epoxidation was applied only to the main chain of 




In many of applications, the instability of the unsaturated polymers to chemical and 
thermal degradation is a concern. Hence, ROMP of cycloolefins, followed by 
hydrogenation, enables synthesis of high molecular weight, narrow polydispersity 
polyolefins with desirable optical characteristics, because these ROMP polymers have 
poor thermal stability due to the unsaturation. 
Here we described the successful hydrogenation to synthesis of the doubly 
functionalized saturated polynorbornadienes containing the various ester groups. The 
p-toluenesulfonyl hydrazide (TSH) and 2, 6-ditert-butyl-4-methylphenol (the ratio of 
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polymer, TSH and BHT was 1: 10: 0.1) were adopted at temperature of 135°C and 
ambient pressure to ensure complete hydrogenation. After the hydrogenation, the 
hydrogenated polymers remained the microstructure of parent polymers. The 
ROMP-generated polymers were carried out expoxidation reaction with 3.0 
equivalents of MCPBA in CHCl3. The epoxidations were completed rapidly and 
yielded the epoxidized polymers. The epoxidation reagent MPBA is an available 
reagent for generating organic epoxides. It was found to be an excellent choice for 
converting the polynorbornadiene double bond into the corresponding epoxide.  
 
4.4 Experimental section  
General experimental conditions 
All reagents and solvents, unless otherwise stated, were purchased from 
commercial companies, and were used directly without further purification. Melting 
points were measured on a Micro Melting Point Apparatus (Yanaco MP-500D) and 
were uncorrected. NMR spectra were recorded at 298K using a Varian Unity Plus 500 





frequencies of 75.5, 126, or 150 MHz, respectively). Gel permeation chromatography 
(GPC) analyses were carried out with JASCO HPLC system equipped with an RI 
detector using CHCl3 as an eluent at a flow rate of 1.0 mL/min, with a Tosoh 
MultiporeHXL-M column. Molecular weights and molecular weight distributions 
were estimated on the basis of the calibration curve obtained by polystyrene 
standards.   
Synthetic procedure and structure information of compounds 
General procedure for ROMP-generated polymers of hydrogenated polymers 
A 50mL flask was charged with polymer (0.24mmol), p-toluenesulfonylhydrazide 
(3.6mmol), 15mL of xylene and 2, 6-di-butyl-4methylphenol (BHT, 0.036mmol) 
under nitrogen atmosphere. The reaction mixture was heated at 135℃ 5 hours. The 
onset of the reaction was denoted by vigorous evolution of gas. After the reaction was 
finished, the mixture was allowed to cool and poured into excess of methanol. The 
hydrogenated polymer was further purified by dissolving it in chloroform and 
reprecipitating it with methanol. The hydrogenated polymer was collected and then 
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Polymer hydro-12. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 3.63 (s, 6H, 
-OCH3), 2.68 (d, 2H, -CH-CH-, cyclopentane), 2.15 (m, 2H, CH-CH2-CH, 
cyclopentane), 1.58 (d, 2H, -CH2-CH), 1.16 (d, 2H, -CH2-CH), 2.24 and 0.83 (m, 2H, 
CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 33.86 (-CH2-CH-), 39.00 





Polymer hydro-13. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.08 (s, 4H, 
-OCH2-), 2.66 (d, 2H, -CH-CH-, cyclopentane), 2.15 (m, 2H, CH-CH2-CH, 
cyclopentane), 1.59 (s, 2H, -CH2-CH), 1.22 (d, 8H, -CH2-CH + -CH2CH3), 2.23 and 
0.83 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 14.27 (-CH2CH3), 34.06 
(-CH2-CH-), 39.11 (CH-CH2-CH), 42.80 (-CH2-CH-), 52.74 (-CH-CH-), 60.53 





Polymer hydro-15. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 3.95 (s, 4H, 
-OCH2-), 2.67 (d, 2H, -CH-CH-, cyclopentane), 2.16 (m, 2H, CH-CH2-CH, 
cyclopentane), 1.61 (m, 8H, -CH2-CH3 + -CH2-CH), 1.18 (s, 2H, -CH2-CH), 0.92 (m, 
6H, -CH3), 2.22 and 0.82 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 10.56 
(-CH2CH3), 21.98 (-CH2CH3), 34.13 (-CH2-CH-), 39.13 (CH-CH2-CH), 42.89 
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Polymer hydro-14. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.95 (s, 2H, 
-OCH-), 2.60 (d, 2H, -CH-CH-, cyclopentane), 2.17 (m, 2H, CH-CH2-CH, 
cyclopentane), 1.59 (s, 2H, -CH2-CH), 1.22 (d, 14H, -CH(CH3)2 + -CH2-CH), 2.41 
and 0.83 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 21.87 (-CH(CH3)2), 
34.30 (-CH2-CH-), 39.15 (CH-CH2-CH), 43.00 (-CH2-CH-), 52.66 (-CH-CH-), 67.68 





Polymer hydro-17. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 2.53 (d, 2H, 
-CH-CH-, cyclopentane), 2.14 (s, 2H, CH-CH2-CH, cyclopentane), 1.62 (s, 2H, 
-CH2-CH), 1.44 (s, 18H, -C(CH3)3), 1.20 (s, 2H, -CH2-CH), 0.81 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 28.22 (-C(CH3)3), 34.65 (-CH2-CH-), 39.35 





Polymer hydro-51. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 3.63 (s, 3H, 
-OCH3), 2.60 (d, 2H, -CH-CH-, cyclopentane), 2.15 (s, 2H, CH-CH2-CH, 
cyclopentane), 1.58 (d, 2H, -CH2-CH), 1.41 (s, 9H, -C(CH3)3), 1.23 (m, 2H, 
-CH2-CH), 2.22 and 0.83 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 28.13 
(-C(CH3)3), 34.28 (-CH2-CH-), 39.17 (-CH-CH2-CH-), 42.55, 43.38 (-CH2-CH-), 





Polymer hydro-52. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.08 (m, 2H, 
-OCH2-), 2.60 (s, 2H, -CH-CH-, cyclopentane), 2.16 (s, 2H, CH-CH2-CH, 
cyclopentane), 1.60 (d, 2H, -CH2-CH), 1.40 (s, 9H, -C(CH3)3), 1.23 (m, 5H, -CH2-CH 
+ -CH2CH3), 2.20 and 0.83 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 
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14.31 (-CH2CH3), 28.14 (-C(CH3)3), 34.31 (-CH2-CH-), 39.23 (-CH-CH2-CH-), 42.78, 
43.30 (-CH2-CH-), 52.61, 53.55 (-CH-CH-), 60.37 (O-CH2-), 80.48 (-C(CH3)3), 





Polymer hydro-53. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.04 (m, 2H, 
-OCH2-), 2.61 (s, 2H, -CH-CH-, cyclopentane), 2.17 (s, 2H, CH-CH2-CH, 
cyclopentane), 1.62 (m, 4H, -CH2-CH3), 1.44(s, 2H, -CH2-CH), 1.40 (s, 9H, -C(CH3)3), 
1.19 (s, 2H, -CH2-CH),  0.93 (t, 3H, -CH3), 0.83 (m, 2H, CHCH2CH); 
13
C NMR 
(125 MHz, CDCl3) δ= 10.67 (-CH2CH3), 22.06 (-CH2CH3), 28.15 (-C(CH3)3), 34.40 
(-CH2-CH-), 39.27 (-CH-CH2-CH-), 42.86, 43.24 (-CH2-CH-), 52.69, 53.54 





Polymer hydro-54. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.95 (m, 1H, 
-OCH-), 2.57 (s, 2H, -CH-CH-, cyclopentane), 2.17 (d, 2H, CH-CH2-CH, 
cyclopentane), 1.60 (d, 2H, -CH2-CH), 1.41 (s, 9H, -C(CH3)3), 1.22 (m, 8H, -CH2-CH 
+ -CH(CH3)2), 2.43 and 0.83 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 
21.94 (-CH(CH3)2), 28.21 (-C(CH3)3), 34.31 (-CH2-CH-), 39.26 (-CH-CH2-CH-), 
43.01, 43.16 (-CH2-CH-), 52.67, 53.37 (-CH-CH-), 67.69 (O-CH-), 80.40 (-C(CH3)3), 





Polymer hydro-49. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 7.25 (m, 10H, 
-C6H5 + CDCl3) 4.93 (q, 4H, -OCH2-), 2.66 (d, 2H, -CH-CH-, cyclopentane), 2.08 (m, 
2H, CH-CH2-CH, cyclopentane), 1.58 (s, 2H, -CH2-CH), 1.11 (s, 4H, -CH2-CH), 2.21 
and 0.74 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 34.08 (-CH2-CH-), 
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39.11 (CH-CH2-CH), 42.98 (-CH2-CH-), 52.64 (-CH-CH-), 66.46 (O-CH2-), 128.31, 





Polymer hydro-48. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 7.33 (m, 5H, 
-C6H5) 5.05 (s, 3H, -OCH2-), 3.43 (s, 3H, -OCH3), 2.68 (dd, 2H, -CH-CH-, 
cyclopentane), 2.12 (m, 2H, CH-CH2-CH, cyclopentane), 1.56 (s, 2H, -CH2-CH), 1.14 
(d, 2H, -CH2-CH), 2.23 and 0.82 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) 
δ= 33.98 (-CH2-CH-), 39.10 (CH-CH2-CH), 42.72, 42.89 (-CH2-CH-), 51.67 (O-CH3), 
52.66 (-CH-CH-), 66.54 (O-CH2-), 128.33, 128.56, 128.63 (-C6H5), 135.97 





Polymer hydro-50. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.94 (m, 1H, 
-OCH-), 3.62 (s, 3H, -OCH3), 2.65 (m, 2H, -CH-CH-, cyclopentane), 2.18 (d, 2H, 
CH-CH2-CH, cyclopentane), 1.59 (s, 2H, -CH2-CH), 1.19 (t, 8H, -CH(CH3)2 +  
-CH2-CH), 2.22 and 0.82 (m, 2H, CHCH2CH); 
13
C NMR (125 MHz, CDCl3) δ= 21.85 
(-CH(CH3)2), 34.14 (-CH2-CH-), 39.13 (-CH-CH2-CH-), 42.64, 42.98 (-CH2-CH-), 
51.68 (O-CH3), 52.60, 52.86 (-CH-CH-), 67.92 (O-CH-), 173.28, 174.17 (C=O). 
General procedure for ROMP-generated polymers of epoxidized polymers 
ROMP-generated polymer (0.24 mmol by monomer) was dissolved in 3 mL of 
CHCl3. A 3 equivalent of meta-chloroperoxybenzoic acid (0.72 mmol) was added, 
and the solution was stirred for 2-3.5 hours. Then, the solvent was removed under 
reduced pressure, and the concentrated mixture was precipitated with an excess 
amount of hot MeOH or hexane. The recovered polymer was dissolved in CHCl3 and 
precipitated with an excess amount of hot MeOH or hexane. The dissolution- 
precipitation (CHCl3-hot MeOH or hexane) procedure was repeated thrice. The 
epoxidized polymer was collected and then dried under vacuum. 
 







Polymer epox-12. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.84-4.29 
(broad, -CH-, cyclopentane), 3.80 (s, -OCH3), 3.19 (broad, -CH-, epoxide), 2.38 and 
1.28 (broad, CH-CH2-CH, cyclopentane); 
13
C NMR (125 MHz, CDCl3) δ= 29.78 
(broad, CH-CH2-CH), 42.57 (broad, -CH2-CH-), 52.69 (O-CH3), 62.13 (broad, 






Polymer epox-13. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.90-4.41 
(broad, -CH-, cyclopentane), 4.24 (s, -OCH2-), 3.21 (broad, -CH-, epoxide), 1.29 (s, 
-CH2CH3), 2.35 and 1.43 (broad, CH-CH2-CH, cyclopentane); 
13
C NMR (125 MHz, 
CDCl3) δ= 14.11 (-CH2CH3), 29.22 (broad, CH-CH2-CH), 44.23 (broad, -CH2-CH-), 







Polymer epox-15. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.84-4.45 
(broad, -CH-, cyclopentane), 4.13 (s, -OCH2-), 3.19 (broad, -CH-, epoxide), 1.68 (s, 
-CH2CH2CH3), 2.36 and 1.30 (broad, CH-CH2-CH, cyclopentane), 0.94 (s, 
-CH2CH2CH3); 
13
C NMR (125 MHz, CDCl3) δ= 10.77 (-CH2 CH2CH3), 21.90 (-CH2 
CH2CH3), 31.70 (broad, CH-CH2-CH), 53.53 (broad, -CH2-CH-), 60.72 (broad, 
-CH-CH-, epoxide), 67.44 (O-CH2-), 145.25 (broad, C=C), 164.82 (broad, C=O). 
 
 







Polymer epox-14. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.08 (s, 
OCH(CH3)2), 4.58-4.29 (broad, -CH-, cyclopentane), 3.28 (broad, -CH-, epoxide), 
1.28 (s, -OCH(CH3)2), 2.34 and 1.54 (broad, CH-CH2-CH, cyclopentane); 
13
C NMR 
(125 MHz, CDCl3) δ= 21.81 (-OCH(CH3)2), 31.44 (broad, CH-CH2-CH), 43.76 
(broad, -CH2-CH-), 59.05 (broad, -CH-CH-, epoxide), 69.08 (O-CH-), 139.53 (broad, 






Polymer epox-17. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.64-4.26 
(broad, -CH-, cyclopentane), 3.51 (broad, -CH-, epoxide), 1.49 (s, -OC (CH3)3), 2.36 
and 1.26 (broad, CH-CH2-CH, cyclopentane); 
13
C NMR (125 MHz, CDCl3) δ= 28.19 
(-OC(CH3)3), 31.67 (broad, CH-CH2-CH), 42.72 (broad, -CH2-CH-), 63.25 (broad, 






Polymer epox-51. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.34 (broad, 
-CH-, cyclopentane), 3.77 (s, -OCH3), 3.21 (broad, -CH-, epoxide), 1.47 (s, -OC 
(CH3)3), 2.46 and 1.72 (broad, CH-CH2-CH, cyclopentane); 
13
C NMR (125 MHz, 
CDCl3) δ= 28.12 (-OC(CH3)3), 31.68 (broad, CH-CH2-CH), 44.18 (broad, -CH2-CH-), 
52.02 (-OCH3), 59.43 (broad, -CH-CH-, epoxide), 82.67 (O-C(CH3)3), 140.75 (broad, 
C=C), 164.98 (broad, C=O). 
 
 







Polymer epox-52. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.23 (s, 
O-CH2-), 3.91 (broad, -CH-, cyclopentane), 3.20 (broad, -CH-, epoxide), 1.46 (s, -OC 
(CH3)3), 2.45 and 1.78 (broad, CH-CH2-CH, cyclopentane), 1.29 (s, -OCH2CH3); 
13
C 
NMR (125 MHz, CDCl3) δ= 14.20 (-OCH2CH3), 28.42 (-OC(CH3)3), 31.66 (broad, 
CH-CH2-CH), 44.22 (broad, -CH2-CH-), 49.68 (-OCH3), 61.29 (broad, -CH-CH-, 






Polymer epox-53. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 4.13 (s, 
O-CH2-), 3.61 (broad, -CH-, cyclopentane), 3.18 (broad, -CH-, epoxide), 1.69 (s, 
-OCH2CH2CH3), 1.47 (s, -OC (CH3)3), 2.47 (broad, CH-CH2-CH, cyclopentane), 0.94 
(s, -OCH2CH2CH3); 
13
C NMR (125 MHz, CDCl3) δ= 10.53 (-OCH2CH2CH3), 21.90 
(-OCH2CH2CH3), 28.08 (-OC(CH3)3), 31.69 (broad, CH-CH2-CH), 44.22 (broad, 
-CH2-CH-), 61.64 (broad, -CH-CH-, epoxide), 67.19 (-OCH2-), 82.79 (O-C(CH3)3), 






Polymer epox-52. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.10 (s, 
-CH(CH3)2), 3.88 (broad, -CH-, cyclopentane), 3.25 (broad, -CH-, epoxide), 1.47 (s, 
-OC (CH3)3), 2.43 and 1.72 (broad, CH-CH2-CH, cyclopentane), 1.28 (s, -CH(CH3)2); 
13
C NMR (125 MHz, CDCl3) δ= 21.88 (-CH(CH3)2), 28.18 (-OC(CH3)3), 31.67 
(broad, CH-CH2-CH), 39.47 (broad, -CH2-CH-), 59.32 (broad, -CH-CH-, epoxide), 
69.14 (broad, -CH(CH3)2), 82.79 (O-C(CH3)3), 143.53 (broad, C=C), 164.25 (broad, 









Polymer epox-49. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 7.26 (m, -C6H5 
+ CDCl3), 4.97 (s, -CH2C6H5), 3.93 (broad, -CH-, cyclopentane), 3.13 (broad, -CH-, 
epoxide), 2.33 and 1.76 (broad, CH-CH2-CH, cyclopentane); 
13
C NMR (125 MHz, 
CDCl3) δ= 31.70 (broad, CH-CH2-CH), 44.59 (broad, -CH2-CH-), 60.08 (broad, 
-CH-CH-, epoxide), 66.97 (O-CH2-C6H5), 127.64, 128.63, 129.16 (O-CH2-C6H5), 






Polymer epox-52. Pale white solid. 
1
H NMR (500 MHz, CDCl3) δ= 5.10 (s, 
-CH(CH3)2), 3.87 (broad, -CH-, cyclopentane), 3.77 (s, -OCH3), 3.19 (broad, -CH-, 
epoxide), 1.26 (s, -OCH(CH3)2), 2.39 and 1.79 (broad, CH-CH2-CH, cyclopentane); 
13
C NMR (125 MHz, CDCl3) δ= 21.74 (-CH(CH3)2), 31.66 (broad, CH-CH2-CH), 
44.35 (broad, -CH2-CH-), 52.04 (-OCH3), 59.88 (broad, -CH-CH-, epoxide), 69.33 
(broad, -CH(CH3)2), 143.24 (broad, C=C), 163.72, 165.64 (broad, C=O). 
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